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L-2-amino-4-methoxy-trans-3-butenoic acid (methoxyvinylglycine, or short as AMB) 
is a γ-substituted vinylglycine that was identified in 1972 as an inhibitor of pyridoxal 
5’-phosphate (PLP)-dependent enzymes (Scannel et al., 1972), resulting in antibiotic 
activity. Recent data indicate that the gene cluster ambABCDE is responsible for the 
AMB synthesis in Pseudomonas aeruginosa (Rojas Murcia et al., 2015). Among the 
products of this gene cluster, AmbC and AmbD, two α-ketoglutarate-dependent 
dioxygenases are involved in the modification of L-glutamate as one substrate for 
AMB synthesis. AMB is then synthesized from one modified glutamate and two 
alanine moieties condensed to a tripeptide by the non-ribosomal peptide synthetases 
(NRPS) AmbB and AmbE, However, exact timing of the tailoring reactions remains 
unclear so far. Structural research was primarily focused on AmbC and AmbD. 
Additionally, the structure of unknown domain in NRPS AmbE needs to be 
determined to gain information on its function in AMB synthesis. 
X-ray crystallography was mainly employed to obtain structures of the targeted 
proteins, combined with mass spectrometry (MS) experiments to provide a model for 
biosynthesis of AMB in Pseudomonas aeruginosa.  
In this study, the structures of AmbD and AmbC 30-350, which was truncated based 
on predictions by Phyre2 (Kelley et al., 2015) and PSIPRED (Buchan et al., 2013; 
Jones, 1999) have been determined. As the α-ketoglutarate-dependent 
dioxygenases, the complex structures of AmbD with α-ketoglutarate and AmbC 30-
350 with α-ketoglutarate analog N-oxalylglycine (NOG) were also determined. 
Explorations on the other ligand which will be the specific intermediate synthesizing 
the final product AMB were carried out by co-crystallization and MS, while the 
progress was limited. By comparing these two complex structures with other 
available α-ketoglutarate-dependent dioxygenases (CarC, PDB: 4OJ8 (Chang et al., 
2014) and BBOX1, PDB: 3O2G, to be published) which contain the specific 
substrates, several potential substrate binding residues could be identified.  
The NRPS AmbE contains a domain of unknown function whose structure could not 
be predicted. The specific sequence AmbE 20-420 was identified, and its structure 




was determined then submitted to the PDBeFold (E. Krissinel & Henrick, 2004) and 
Dali server (Holm & Rosenstrom, 2010), suggesting it to be related to NRPS 
condensation domains. However, there is no conserved motif HHxxxDG that would 
be expected for condensation domains (Marahiel et al., 1997; Rausch et al., 2007; 
Stachelhaus et al., 1998). Further, the two condensation domains within AmbB and 
AmbE are sufficient to synthesize a tripeptide product, such that a third condensation 
domain seems unnecessary. 
 
 




2.1 Antimetabolites and their function 
Antimetabolites are chemicals that inhibit the function of metabolites, which are other 
chemicals that are part of the normal metabolism. A metabolite’s antimetabolite can 
form a complex with the enzyme with which the metabolite normally reacts, but this 
complex cannot be converted into the normal reaction products. Nature long time ago 
has seized upon this phenomenon, possibly as an elegant way to control natural 
processes (N. A. de Bruyne, 1952). 
Antimetabolites interfering with DNA production can be used in cancer treatment, as 
they inhibit cell division and tumor growth (Godefridus J. Peters, 2014; G. J. Peters et 
al., 2000). Antimetabolites can also act as antibiotics that inhibit or reduce the activity of 
certain enzymes of pathogenic bacteria or viruses (Holladay, 2015). 
2.2 The vinylic amino acids 
Vinylic amino acids feature a C-C double bond directly attached to the α-carbon, along 
the side chain (Fig 2-1A). These vinylic amino acids can inhibit the activity of pyridoxal 
5’-phosphate (PLP)-dependent enzymes by forming a more stable π-stacking system 
with PLP. Normally, as a cofactor, PLP binds to the ammonium group of a conserved 
lysine residue of an enzyme (Eliot & Kirsch, 2004). When the vinylic amino acid is 
introduced, the PLP can then bind the amino group of the vinylic amino acid, but 
because of the C-C double bond, the binding is much stronger than with the enzyme, 
resulting in the production of a stable vinylogous imidate, further leading to irreversible 
inhibition (Fig 2-2).  
L-2-Amino-4-(2-aminoethoxy)-trans-3-butenoic acid (Aminoethoxyvinylglycine, short as 
AVG, Fig 2-1C) is biosynthesized in Streptomyces sp. NRRL5331 (Pruess et al., 1974), 
and is an inhibitor of 1-aminocyclopropane-1-carboxylate (ACC) synthase that converts 
S-adenosyl methionine (SAM) into ACC. Since this reaction step plays a key role in 
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plant ethylene biosynthesis, AVG is widely used as a fruit ripening inhibitor, and its 
inhibition has been characterized with enzymes from both tomato and apple (Capitani et 
al., 2002; Huai et al., 2001; Icekson & Apelbaum, 1983). A few crystal structures of ACC 
synthase in which PLP binds to AVG, have been determined and are shown in Fig 2-3.  
2-amino-4-(2-amino-3-hydropropoxy)-trans-but-3-enoic acid (rhizobitoxine, Fig 2-1D), 
an anolog of AVG, is produced by symbiotic bacteria, such as Bradyrhizobium 
japonicum (Lowell D. Owens, 1972) and Pseudomonas andropogonis (Robin E.Mitchell, 
1991), and its most important activity is inhibiting ACC synthase to regulate the ethylene 
biosynthesis (Yasuta et al., 1999). Also rhizobitoxine inhibits β-cystathionase in the 
methionine biosynthesis pathway (K. Xiong, 1996). 
2-amino-4-formylaminooxy-3-butenoic acid (4-formylaminooxyvinylglycine, short as 
FVG, Fig 2-1E) is produced by Pseudomonas fluorescens WH6 (Donald Armstrong, 
2009). FVG irreversibly blocks germination of seeds from large number of grassy weed 
without significantly affecting the growth of mature plants (Halgren et al., 2013). In 
addition to this herbicidal properties, it was found to inhibit the growth of Erwinia 
amylovora, the bacterial plant pathogen which causes firelight in orchard crops (Halgren 
et al., 2011).    
 
Fig 2-1: Chemical structures of vinylic amino acids (A), pyridoxal 5’-phosphate (PLP) (B), 
L-2-Amino-4-(2-aminoethoxy)-trans-3-butenoic acid (AVG) (C), 2-amino-4-(2-amino-3-
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hydropropoxy)-trans-but-3-enoic acid (rhizobitoxine) (D), 2-amino-4-formylaminooxy-3-
butenoic acid (FVG) (E) and L-2-amino-4-methoxy-trans-3-butenoic acid (AMB) (F). 
 
Fig 2-2: Mechanism of inhibition of vinylic amino acids to PLP-dependent enzymes. 
 
Fig 2-3: PLP-AVG adducts bound nearby the active site in three PLP-dependent enzymes 
of which PDB codes are 1M7Y, 1C7O and 1CL2 from left to right direction (Capitani et al., 
2002; Huai et al., 2001; Icekson & Apelbaum, 1983). The carbons of PLP-AVG adducts are 
colored in yellow. Coordinated residues are colored in cyan, and nearby residues are 
shown as ribbon colored in grey.  
2.3 Pseudomonas aeruginosa and AMB chemical characteristics 
2.3.1 Pseudomonas aeruginosa is an opportunistic pathogen 
The Gram-negative bacterium Pseudomonas aeruginosa favors moist areas and 
normally inhabits the soil and surfaces in aqueous environment. It is a facultative 
anaerobe (Schobert & Jahn, 2010) and can move by means of one or more polar 
flagella (van Ditmarsch et al., 2013). At the same time, Pseudomonas aeruginosa is an 
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opportunistic pathogen and can cause infections in plants (Rahme et al., 1995; Rahme 
et al., 1997; Walker et al., 2004) (Fig 2-4) and animals (D'Argenio et al., 2001; Mahajan-
Miklos et al., 1999; Miyata et al., 2003; Rahme et al., 2000), including humans. 
Especially persons who are immuno-compromised, such as patients with neutropenia, 
severe burns, cancer or HIV infections or patients with surgical wounds and organ 
transplantations (Lyczak et al., 2000) are prone to get acute life-threatening infections 
resulting in bacteremia, urinary tract infections and pneumonia. Pseudomonas 
aeruginosa can also provoke chronic and persistent infections, especially in patients 
suffering from cystic fibrosis and chronic obstructive pulmonary disease (Arancibia et 
al., 2002; Shaan L. Gellatly, 2013; Williams et al., 2010). The bacterium can colonize on 
and in medical equipment, including catheters, resulting in cross-infections in hospital 
and clinics where the sanitary conditions are not sufficient. In the United States, 
Pseudomonas aeruginosa is among the most common hospital pathogens and is the 
second most common pathogen isolated from patients with ventilator-associated 
pneumonia (Hidron et al., 2008). Treatment of Pseudomonas aeruginosa infections is 
compromised by its resistance to a large range of antibiotics (Breidenstein et al., 2011; 
Cornelis, 2008; Jacoby, 2009; Poole, 2004; Schweizer, 2003; Y. F. Zhang et al., 2017). 
Gain of additional resistances can be observed after unsuccessful treatment 
(Fernandez et al., 2011). 
 
Fig 2-4: Pseudomonas aeruginosa infected Arabidopsis leaves. The figure is adapted 
from Starkey and Rahme (2009). The leaves show a range of symptoms from mild 
chlorosis to severe rotting. 
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Pseudomonas aeruginosa expresses virulence factors to support its growth and 
reproduction and to inhibit other species growth. Pyocyanin is one of these factors 
which can cause death of Caenorhabditis elegans by oxidative stress. Exotoxin is 
another virulence factor which can inhibit eukaryotic elongation factor-2 by ADP-
ribosylation (Yates & Merrill, 2004) , thereby inhibiting protein synthesis. 
2.3.2 AMB can inhibit bacterial growth 
One of the many toxins produced by Pseudomonas aeruginosa is L-2-amino-4-
methoxy-trans-3-butenoic acid (methoxyvinylglycine, or short AMB, Fig 2-1F), which 
was first found in 1972. This toxin can reversibly inhibit the growth of Bacillus sp 
(Scannel et al., 1972) and Escherichia coli (Sahm et al., 1973). AMB belongs to γ-
substituted vinylglycine which can inhibit the activity of pyridoxal 5’-phosphate (PLP)-
dependent enzymes (Huai et al., 2001; Percudani & Peracchi, 2003; Rando, 1974; 
Rando et al., 1976). As a potential antibiotic, more and more research focuses on AMB. 
It was reported to inhibit aspartate transaminase in pigs (Rando, 1974; Rando et al., 
1976) and rat hepatocytes (Cornell et al., 1984; S. B. Smith & Freedland, 1981), 
tryptophan synthase in E. coli (Miles, 1975), δ-aminolevulinic acid synthase in rats 
(Dashman & Kamm, 1979), and serine hydroxylmethyl transferase in Walker carcinoma 
(Tisdale, 1980). At the meantime AMB, as a methionine antimetabolite, can inhibit L-
methionine tRNA aminoacylation (Mattoo et al., 1979).  
By using an Acanthamoeba castellanii cell model, the importance of AMB as a virulence 
factor produced by Pseudomonas aeruginosa was evaluated (Lee et al., 2012). It was 
found that the contribution of AMB to the virulence of Pseudomonas aeruginosa was not 
strong, because quite high concentrations were needed for inducing cyst formation. 
AMB can also inhibit the growth of important plant pathogens such as Erwinia 
amylovora (X. Lee et al., 2013), which may make it possible to apply AMB in agriculture, 
similar to AVG, which is commercially available as ReTain® to regulate the ripening of 
fruits.  
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2.4 The gene cluster ambABCDE and protein analysis 
2.4.1 Gene analysis and function prediction 
In 2013, the Pseudomonas aeruginosa gene cluster ambABCDE was reported to be 
responsible for synthesis of IQS, which is a quorum sensing signal molecule (J. Lee et 
al., 2013). Two years later, however, by a reverse genetics approach using transposon 
mutagenesis, the gene cluster ambABCDE was found to be rather responsible for the 
biosynthesis of AMB (X. Lee et al., 2013; Lee et al., 2010; Rojas Murcia et al., 2015). 
There are total two transcriptional units in ambABCDE: ambA encodes a putative lysine 
exporter transmembrane protein and may thus control the secretion of AMB. The 
ambBCDE genes encode four different proteins. AmbC and AmbD are predicted to be 
iron (II)/α-ketoglutarate-dependent dioxygenases. AmbB and AmbE are both non-
ribosomal peptide synthetases (NRPSs) of which the modular structures are shown in 
Fig 2-5. They have domains for adenylation (A), thiolation (T), condensation (C), 
methylation (MT) and thioester cleavage (TE). Special for AmbE, it has an 
uncharacteristic domain at its N-terminal, and an atypical C domain which is indicated 
as C*. Analysis of the C* domain suggests an additional function, as it is not similar to 
previously known epimerization, heterocyclization, or starter C domains. This C* domain 
rather groups with another atypical C domain found in the McyA protein from 
Microcystis aeruginosa (Tillett et al., 2000). 
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Fig 2-5: Organization of gene cluster ambABCDE in the Pseudomonas aeruginosa strain 
PAO1, and the prediction of proteins and functional domains. 
Lee et al. analyzed AMB synthesis in vitro by mass spectrometry (MS) of enzyme-
attached substrates and pathway intermediates. They identified the building blocks of 
AMB synthesis and proposed a model of how the AMB precursor tripeptide is 
assembled.  
 
Fig 2-6: Proposed model for AMB biosynthesis with indication of tethered molecules. 
Modified figure from (Rojas Murcia et al., 2015) 
The model is illustrated in Fig 2-6. The A domain of AmbB activates two L-Ala (residues 
shown in red and blue) and loads them onto its own T domain (step 1a) and onto the T2 
domain of AmbE (step 1b). The A domain of AmbE activates L-Glu (residues shown in 
olive) and loads it onto its T1 domain (step 2). Then, the C domain of AmbB would 
condense L-Ala with L-Glu onto the T1 domain of AmbE forming the dipeptide L-Ala-L-
Glu (step 3). This dipeptide would subsequently be further condensed by the C* domain 
with L-Ala onto the T2 domain of AmbE to obtain the tripeptide L-Ala-L-Glu-L-Ala (step 
4). Modification of the glutamate would then result in L-Ala-AMB-L-Ala (step 5). This 
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peptide would be released by the TE domain of AmbE. Removal of the two flanking L-
Ala residues would finally yield AMB (step 6). 
By now it is unclear how L-glutamate moiety is modified and how AmbC, AmbD and the 
unknown domain of AmbE are involved.  
2.4.2 α-ketoglutarate-dependent dioxygenases 
2.4.2.1 Overview 
Oxygenase was discovered in 1955 (H. S. Mason, 1955; Osamu Hayaishi, 1955) as an 
enzyme that can oxidize a substrate by transferring oxygen from O2 to it. Oxygenase 
can be divided to two types: monooxygenase and dioxygenase. The former will transfer 
one oxygen atom of an O2 molecule to the substrate and will incorporate the other into a 
water molecule. The latter will incorporate both oxygen atoms into products of the 
reaction (Bugg, 2003). 
Most dioxygenase enzymes require a metal cofactor, which is most often iron (II) or iron 
(III) (Que & Ho, 1996). Normally these enzymes need an α-keto acid as a co-substrate, 
which is mostly the α-ketoglutarate (Costas M, 2004; Hausinger, 2004; A. G. P. a. M. D. 
Lloyd, 2000; Schofield & Zhang, 1999). Hydroxylation is the most common reaction 
carried out by these enzymes, and they can also perform many other interesting 
reactions: halogenation, oxidative ring formation, ring expansion, epimerization and 
desaturation (Purpero & Moran, 2007).  
 
 _______________________________________________ Introduction 
11 
 
Fig 2-7: Reaction scheme for prolyl hydroxylase. This hydroxylation is catalyzed by 
ferrous iron. Co-substrate α-ketoglutarate is decarboxylated to yield one carbon dioxide 
(blue). The carboxyl group is substituted by an oxygen atom from molecular dioxygen 
(magenta), producing succinate. The other oxygen atom is incorporated into a prolyl 
residue, yielding 4-hydroxy-prolyl. The scheme was modified from Figure 24 in Bugg 
(2003) 
The first identified α-ketoglutarate-dependent dioxygenase is prolyl hydroxylase (Hutton 
et al., 1966), which catalyses the hydroxylation of prolyl moieties in collagen to 4-
hydroxy-prolyl. One oxygen atom is transferred to the hydroxylated product, and the 
other one to α-ketoglutarate, generating succinate and CO2 (Fig 2-7) (Cardinale et al., 
1971). 
2.4.2.2 Structural and mechanistic analysis 
The core structures of α-ketoglutarate-dependent enzymes are characterized by a “jelly 
roll” fold comprising eight anti-parallel β-strands forming two opposing β-sheets 
(Hewitson et al., 2005; Roach et al.,1995). Other secondary structural elements and 
flexible loops surround and presumably stabilize these core sheets (Fig 2-8). These 
insertions and extensions to the “jelly roll” fold are different in each protein. They define 
substrate specificity and establish protein contacts. Enzymes of this family can be 
monomers, dimers, trimers, tetramers and hexamers (Clifton et al., 2003; Clifton et al., 
2001; Dann et al., 2002; Elkins et al., 2003; M. D. Lloyd et al., 1999; Muller et al., 2004; 
O'Brien et al., 2003; Wilmouth et al., 2002; Z. Zhang et al., 2000).  
 
Fig 2-8: Example of the jelly roll fold found in Clavaminate synthase, one Fe (II)/α-
ketoglutarate-dependent dioxygenases (PDB 1DS1, Z. Zhang et al., 2000). A: Eight anti-
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parallel β-strands combining to form the core of enzymes of this family. B: Overall stereo 
view of the Clavaminate synthase structure. Additional secondary structures are shown 
at the N and C terminus. This enzyme contains insertions and extensions to this jelly roll 
fold, which influence contacts to other proteins and substrate binding. α-helices, β-
sheets and loops are colored in cyan, magenta and salmon, respectively. β-sheets that 
do not belong to the jelly roll are colored in blue.  
The active sites of α-ketoglutarate-dependent dioxygenases have similar arrangements 
of three conserved residues, namely two histidines and one acid amino acid (aspartate 
or glutamate) (Hegg & Que, 1997). They coordinate the central metal ion through an 
octahedral arrangement. Two of three vacant binding sites around the metal are 
occupied by a molecule of the co-substrate α-ketoglutarate (Fig 2-9). The sixth site can 
be coordinated with a dioxygen molecule, however, in most cases this coordination is 
not possible before the specific substrate has bound (Costas et al., 2004; Elkins et al., 
2002; Zhou et al., 2001). After all substrates are recruited to their positions the reaction 
commences. A proposed reaction mechanism is shown in Fig 2-10.  
In some cases, the active site can be closed off by a flexible loop or one secondary 
structure element (Purpero & Moran, 2007) to prevent the release of reactive oxygen 
species (ROS), which could cause serious damage on proteins, DNA, RNA and lipids 
(Simon et al., 1981; Valko et al., 2006).  
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Fig 2-9: Active site structure of Clavaminate synthase, an α-ketoglutarate-dependent 
dioxygenase (PDB 1DS1, Z. Zhang et al., 2000). A: Scheme of the active site. B: Stereo 
view of the active site from Clavaminate synthase. The His-X-Glu-Xn-His motif and the co-
substrate α-ketoglutarate (AKG) are shown. They coordinate with the central metal iron in 
an octahedral arrangement. The sixth coordination site will be occupied by a dioxygen 
molecule after the substrate is introduced.  
 
Fig 2-10: Proposed catalytic mechanism of α-ketoglutarate-dependent dioxygenases. The 
figure is based on Figure 26 from Bugg (2003). The same colors as in Fig 2-7 were used. 
2.4.3 Non-ribosomal peptide synthesis (NRPS) procedures 
2.4.3.1 Overview 
The ribosome is the main molecular machine producing complex polypeptides or 
proteins. Bacteria (Byford et al., 1997; Zhu et al., 1998) and fungi (Bushley et al., 2013; 
Correia et al., 2003) apply an additional pathway to synthesize short peptides that uses 
 _______________________________________________ Introduction 
14 
 
non-ribosomal peptide synthetases (NRPSs). These non-ribosomal peptides (NRP) 
comprise a wide range of biological and pharmacological secondary metabolites, 
including antibiotics as well as toxins, siderophores and pigments (Vining, 1990). The 
size of NRPs can range from 2 to 48 amino acid residues (Kleinkauf & Von Dohren, 
1996). In addition to amino acids, more than 500 other monomers such as non-
proteinogenic and N-methylated amino acids, D-amino acids, fatty acids and α-hydroxy 
acids can be taken as building blocks (Caboche et al., 2010).  
2.4.3.2 The structure of non-ribosomal peptide synthetases (NRPSs) 
Non-ribosomal peptide synthetases (NRPSs) are multidomain enzymes which act as 
assembly lines catalyzing the biosynthesis of complex natural products. Each NRPS is 
comprised of one or several modules to perform various reactions (Hahn & 
Stachelhaus, 2004). Within a single module, three domains are ubiquitous and essential 
for peptide elongation. They are (i) an ATP-dependent adenylation (A) domain to select 
and activate the specific amino acid or alternative building block; (ii) an thiolation (T, 
also called peptidyl carrier protein, PCP) domain which bears a 4'-phosphopantetheine 
(Ppant) group in its holoform to carry the activated amino acid or intermediate of non-
ribosomal peptide and presents it to the catalytic site (Gevers et al., 1969; Roskoski, 
Gevers, et al., 1970; Roskoski, Kleinkauf, et al., 1970; Stoll et al., 1970); and (iii) a 
condensation (C) domain to elongate the upstream and downstream intermediates by 
forming a peptide bonds (Kleinkauf et al., 1969). Additionally, methyltransferase, 
epimerase and cyclase domains can be present to modify the intermediate or substrate 
(Balibar et al., 2005; Gaudelli & Townsend, 2014; Van de Poel & Van Der Straeten, 
2014; Velkov & Lawen, 2003). At last, a terminal thioesterase (TE) domain will release 
the final product from the NRPS reaction platform (Gaudelli & Townsend, 2014; Puk et 
al., 2004; Puk et al., 2002) (Fig 2-11).  
Generally, one NRP is synthesized by several cooperating NRPSs, which can interact 
via communication (COM) domains locating at the N- and C-termini (Hahn & 
Stachelhaus, 2004, 2006). Tailoring enzymes introduce further modifications and 
decorations to the NRP (Fridman et al., 2007; Fu et al., 2005; Galm et al., 2004; Losey 
et al., 2002; van Wageningen et al., 1998; Xu et al., 2004).  




Fig 2-11: Reactions catalyzed by the NRPSs and their domain arrangement. a) The Ppant 
arm from coenzyme A is transferred to a conserved serine residue in the T domain to 
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obtain a holo state, which is essential for building blocks binding. b) The ATP-dependent 
A domain selects and activates amino acids, and catalyzes the formation of an aminoacyl 
thioester with the Ppant cofactor of the holo-T domain. c) Peptide elongation catalyzed 
by the C domain. A peptide bond forms between the monomer (acceptor) and the 
nascent peptide (donor), and results in translocation of the new peptide chain to the 
acceptor T domain. d) Release of final oligopeptide by the TE domain. First, the 
oligopeptide attached to last T domain is transferred to a conserved serine residue in the 
TE domain. Then hydrolysis or intramolecular attack of a nucleophilic moiety produces a 
linear or cyclic product, respectively. The moieties involved in product reactions are 
colored blue, and Nuc means nucleophile. 
 
2.5 Research objectives 
As an oxyvinylglycine, AMB is the first one generated from L-Glu. In other cases, AVG, 
rhizobitoxine and FVG, the initial substrate or amino acid appears to be homoserine. 
Additionally, these three compounds are not suggested to be synthesized by a 
thiotemplate mechanism, or processed from a precursor peptide.  
The biosynthesis of AMB is under control of the gene cluster ambABCDE. Among the 
products of this gene cluster, proteins AmbC and AmbD are both predicted as α-
ketoglutarate-dependent dioxygenases, which probably hydroxylate the L-Glu moiety. 
As tailoring enzymes, the determination of their structures will provide insight on specific 
substrates or intermediates which are unclear by now. Proteins AmbB and AmbE are 
NRPSs, which condense one glutamate and two alanine moieties to a tripeptide. 
Domain analysis provides some information on these huge proteins, except for an N-
terminal area of AmbE. The structure of this uncharacterized domain should also be 
determined, combining with mass spectrometry (MS) experiments to unravel its exact 
function and timing points of the reactions and modifications of the L-Glu moiety. 
All in all, X-ray crystallography and MS experiments are designed and performed to 
develop a biosynthesis model on the molecular level to explain how AMB is synthesized 
step by step. 
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3. Materials and methods 
For this project, methods of molecular biology, chemical biology and protein 
crystallography were mainly applied. All the materials and methods are similar for 
different proteins, so only the commonly used ones are shown below. 
3.1 Materials 
3.1.1 E. coli strains 
Table 3-1 strains 
Strains  Main characters  Antibiotics Resistance 
OmniMAXTM2 Plasmids amplification  No  
XL-1 Blue Plasmids amplification Tetracycline  
DH 5α Plasmids amplification No  
BL21 (DE3) Protein over expression No  
Tuner (DE3) Protein over expression No  
Rosetta2 (DE3) pLysS Protein (using rare genetic  
codes) over expression 
Chloramphenicol  
3.1.2 Plasmids 
Table 3-2 plasmids 
Plasmids Main genetic elements 
pOPINB T7 promoter, His tag with PreScission cleavage site, 
kanamycin resistance 
pET27b T7 promoter, His tag, kanamycin resistance 
pET28a T7 promoter, His tag with thrombin cleavage site, 
kanamycin resistance 
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3.1.3 Enzymes and kits 
Table 3-3 enzymes and kits 
Enzymes and kits Vendor  
KpnI-HF/ HindIII-HF NEB 
Calf Intestinal Phosphatase (CIP) NEB 
Phusion Flash Mix Thermofisher 
DpnI NEB 
T4 DNA Polymerase Thermofisher 




QIAquick PCR Purification Kit   Qiagen 
QIAquick Gel Extraction Kit   Qiagen 
QIAprep Spin Miniprep Kit   Qiagen 
3.2 Main Instruments 
Table 3-4 main instruments 
Instruments (model) Vendor  
Äkta purifier GE Healthcare Life Sciences 
Clean bench (Herasafe KS 12)   Thermo Scientific 
Electrophoresis Cell (Tetra Vertical) Bio Rad 
Homogenisator (EmulsiFlex-C3) Avestin 
Gel image system (Gel Logic 212) Kodak 
NanoDrop 2000 Thermo Scientific 
PCR Thermocycler (peqSTAR) VWR 
Centrifuge (Micro Star 17R) VWR 
Ultracentrifuge (Sorvall RC 6+ centrifuge) Thermo Scientific 
 _______________________________________ Materials and methods 
19 
 
3.3 Methods  
3.3.1 Bioinformatic analysis  
(1) Sequences: All gene sequences used in this project were retrieved from the website: 
http://pseudomonas.com/ 
(2) Basic property analysis of proteins: Molecular weight, pI and extinction coefficients 
were calculated by ProtParam on the website https://web.expasy.org/protparam/ 
(3) Protein domain analysis: Functional domain analyses were performed by Smart on 
the website http://smart.embl-heidelberg.de 
(4) Homologous alignment: Homologous protein sequences were obtained by Blast on 
NCBI, and the ClustalW method was applied to perform sequence alignment. 
(5) Prediction of secondary structure and disorder tendency: PSIPRED was applied on 
the website http://bioinf.cs.ucl.ac.uk/psipred  
(6) Three-dimensional modeling: Homologous protein structures were retrieved from the 
PDB website, https://www.rcsb.org/. Structures were modeled by using Phyre2, 
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index 
(7) Prediction of protein folding tendency: The FoldIndex server was used, 
https://fold.weizmann.ac.il/fldbin/findex 
3.3.2 Gene clone and plasmids construction 
Polymerase chain reaction (PCR) was used to amplify target genes. By designing 
different primers with different restriction enzyme sites, targeted gene sequences were 
cloned. In this project, two different protein constructs were prepared by using 
Sequence and Ligation-Independent Cloning (SLIC). More details about this method are 
shown below. 
At the beginning, double digested vector is prepared with restriction enzymes. 
According to the published method (Li & Elledge, 2007), primers containing tails of 20-
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25 bps overlapping with the vector ends were designed. Also the Tm of full-length 
primers should be above 68 °C, and the Tm of the part of the primer matching the target 
sequence should be around 60 °C. In this project, two target protein regions, which 
were AmbC, amino acids 30-350, and AmbE, amino acids 20-420 were fully studied. 
Both coding sequences were cloned into pOPINB. Here the construct of pOPINB AmbE 
20-420 was shown as an example to explain the primer design.  
First, the restriction enzymes KpnI (cleavage site at 5133 bp) and HindIII (5466 bp) 
were chosen to digest the vector pOPINB (fig 3-1). Consequently the primers were 
designed containing these two cleavage sites respectively. As shown in the table 3-5, 
the primers consisted of three parts: sequence of a vector end, restriction enzyme site 
and sequence of insert fragment. Because the HindIII cleavage site contains two 
thymidine deoxyribonucleotides (T), one adenine deoxyribonucleotide (A) was added to 
the end of complement sequence of insert fragment to compose a stop code (TAA) on 
the reverse primer. Both Tm of insert fragments are around 60 °C, and that of full-length 
primers are higher than 70 °C.  
 
Figure 3-1: Part of pOPINB vector. The multiple cloning site area is shown. The KpnI and 
Hind III sites were chosen for cloning.  
Table 3-5 
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F: ctggaagttctgtttcag GGTACC gaaggattcccgctgtctccctt 47 bps 
 Vector seq.            KpnI        target seq. (23 bps, Tm 62 °C) Tm total 74 °C 
R: ggtgtttaaatggtctaga AAGCTT aagtggcagttgcctgtcggc 46 bps 
 Vector seq.              HindIII      target seq. (20 bps, Tm 64 °C) Tm total 71 °C 
 
With these primers and template containing the full-length ambE gene, the PCR was 
performed to amplify the insert fragment with Phusion Flash Master Mix. See table 3-6 
for ingredients and concentrations. 
Table 3-6 
PCR (one well) Stock concentration Final concentration 
[µl]    
1 Template  100 ng/µl 3.3 ng/µl 
4 Mixture of primers  2 µM 250 nM 
15 Phusion Flash Mix 2 × 1× 
6 Betain  5 M 1 M 
4 H2O (sterilized)   
 
After mixing all the ingredients above, 30 µl reaction solutions were obtained. Then the 
PCR was performed for 30 cycles as shown in table 3-7. 
Table 3-7 
Steps  Temperature [°C] Time [s] 
Initial denaturation  98 300 
Denaturation  98 10 
Annealing  Around 55 °C (5 °C lower than 
Tm of insert fragment at least)  
10 
Elongation  72 70 (Elongation efficiency is 1 
Kbp/45 s) 
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Last elongation  72 600 
Store  4 ∞ 
 
When this PCR finished, 1 µl DpnI enzyme and respective buffer were added to digest 
the template DNA. The amplified insert fragments were extracted by using PCR-
purification kit (Qiagen), and agarose gel was applied to check the products purity and 
the final concentration was calculated by Nanodrop2000. 
Digested vector and purified insert fragments were treated with T4 DNA polymerase to 
generate sticky ends. See ingredients and concentrations in table 3-8. 
Table 3-8 
Reaction (one well) Stock concentration Final concentration 
[µl]    
3.3 T4 DNA 
Polymerase 
0.3 U/µl 1 U/reaction 
2 NEB buffer 2 10 × 1× 
14.7-x H2O (sterilized)   
x (calculate with  
purified DNA) 




All the ingredients were mixed accordingly to get 20 µl reaction samples and incubated 
at 22 °C for 10 minutes, 10 mM dCTP (final concentration) was then added to stop the 
reaction. At last the cohesive vectors and inserts were obtained. With these products, 
the recombination reaction was performed by using RecA enzyme to envelope the final 
construct. The diluted RecA enzyme should be prepared freshly. All ingredients and 
concentrations are shown in table 3-9. 
Table 3-9 
Reaction (one well) Stock concentration Final concentration 
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[µl]    
2 T4 DNA Ligase 
buffer 
10 × 1× 
1 RecA 400 ng/µl 20 ng/µl 
8.5 Cohesive vector   
8.5 Cohesive insert   
 
All the ingredients were mixed accordingly to get 20 µl reaction samples and incubated 
it at 37 °C for 30 minutes at most. The samples were kept at 4 °C for the next step. 
3.3.3 Transformation and culture PCR 
After the SLIC, 5 µl reaction solution were transferred into 50 µl chemical competent 
OmniMAXTM2 cells. The cells were incubated on ice for 25 minutes. Then, a heat shock 
for 90 s in a 42 °C water bath was applied. The cells were then placed on ice for 
another 2 minutes. 200 µl pre-warmed SOC medium were added to the tube and it was 
incubated in a shaker at 37 °C and 300 rpm. After 1 hour incubation, 50 µl cell culture 
were spread onto SOC agar plate with specific antibiotic and incubated overnight at 37 
°C. 
6-10 single colonies were picked to 20 ml LB medium containing specific antibiotic, and 
incubated overnight at 37 °C. On the next morning, culture PCR was performed to 
confirm whether the ligation is successful or not. All the ingredients are the same as 
normal PCR except for using cell culture as the template. Negative control and positive 
control were set by using water as template and construct containing accordingly 
sequence as template, respectively. After culture PCR is finished, an agarose gel was 
applied to check whether the size of the target genes is correct or not. 
3.3.4 Plasmid extraction and sequencing  
Based on the agarose gel, positive cell cultures were selected for plasmid extraction, 
and plasmids were sequenced by using the T7 forward and reverse primers, instead of 
the original primers designed for SLIC.  
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Correct plasmid was transformed into competent expression cells such as Tuner (DE3), 
Rosetta (DE3) pLysS and BL21 (DE3) to express accordingly proteins.  
3.3.5 Protein expression and purification 
A single colony from an agar plate with freshly transformed cells was picked to a 50 ml 
pre-culture (LB or TB medium) mixed with the required antibiotics. Cells were cultivated 
at 37 °C and 130 rpm for overnight. Then 5 ml overnight culture was transferred to 1000 
ml fresh LB or TB medium and incubated at the same condition as before until the cell 
density at 600 nm (OD600) reached 0.6-0.8, at which the temperature was set to 20 °C 
and 1 mM IPTG at final concentration was added to induce the proteins expression 
overnight. For full-length AmbB and AmbE proteins, 0.5 mM IPTG at 24 °C for 4 hours 
were used. After the induction finished, cells were harvested by centrifuging at 7,000 
rpm (9,180xg) for 15 minutes at 4 °C. If not used immediately, the cells were flash 
frozen in liquid nitrogen and stored at -80 °C. 
For purification, normally the first step applied was Ni2+- immobilized metal affinity 
chromatography (Ni2+-IMAC) (Fig 3-2), because all the proteins expressed in this project 
were attached with a 6×His tag at the N- or C-terminus. Cell pellets were thawed if 
previously frozen and then resuspended with buffer A (50 mM Tris pH 7.5, 200 mM 
NaCl, 10% glycerol), and lysozyme, DNase , MgCl2 and protease inhibitor cocktail 
tablets were also added. The suspension was homogenized by stirring in the 4 °C cold 
room for 30 minutes. Cells were lysed by sonication for 25 minutes in an ice bath under 
the mode 1 second on/10 second off. After sonication, a centrifugation step was 
performed at 16,000 rpm (37,060xg) and 4 °C for 60 minutes to obtain the supernatant. 
Samples for sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
were taken from the cell lysate and supernatant.  
The supernatant solution from the previous centrifugation step was loaded to a pre-
packed Ni2+-NTA column primed with buffer A. Then the column was washed with buffer 
A to elute unspecifically bound proteins. After that, the linear gradient increasing the 
buffer containing imidazole was applied to the column to elute the pure target protein. 
The eluted proteins were collected in 2 ml fractions based on the UV chromatogram and 
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samples were analyzed by SDS-PAGE to assess the purity. If pure enough, size-
exclusion chromatography was performed to obtain the final protein product used for 
crystallization screens. If the protein still contained impurities, then further purification 
steps have to be carried out, including reverse Ni2+-IMAC and ion exchange 
chromatography. 
 
Fig 3-2: Interaction between Ni2+-NTA resin and polyhistidine tag. Ni2+-NTA ligand (blue) 
is covalently attached to a cross-linked agarose matrix for the selective purification of 
His-tagged proteins. The poly-His tag (magenta) can bind to Ni2+ ions. The bound protein 
is eluted by a high concentration of imidazole.  
For reverse Ni2+-IMAC, the His tag of proteins was removed by the respective protease. 
Then the protein solution was applied to a regenerated Ni2+-NTA column. Generally free 
His tag and His tag attached protease would bind on the column and target protein 
without His tag would flow through. After this step, the protein should be much purer. 
Ion exchange chromatography (IEX) can separate proteins of similar size that are 
difficult to separate by other methods, because the charge carried by proteins can be 
varied by changing pH of buffer (Fig 3-3). In this project the isoelectric points of all 
proteins are below 6, so the applied buffer pH at around 7.5 will charge protein molecule 
negatively. An anion exchange resin (HiTrapTM 5 ml Q FF) was chosen to capture 
proteins under lower salt concentration. Then a linear or step gradient increasing the 
salt concentration of the eluting buffer was applied to elute the target proteins 
separately (Fig 3-3). SDS-PAGE of peak fractions was performed to assess the purity.  




Fig 3-3: Phases of ion exchange chromatography. The positively charged resin is shown, 
a) initially the anions (yellow ball) from initial buffer bind to the column. b) Then two 
negatively charged sample ions (green triangle and blue square box) are loaded. c), d) 
These two samples can be separated by a gradient of ions (purple ball), based on binding 
strength with the resin. e) At last the resin is regenerated with the initial buffer. 
A homogenous protein solution of high purity is crucial for protein crystallization. For this 
purpose, size-exclusion chromatography (SEC) was normally the final purification step. 
Different molecular weights of proteins could be separated when an aqueous solution 
was used to transport the samples through the column. The principle of separation by 
SEC is shown in Fig 3-4. Proteins were eluted isocratically in SEC buffer and collected 
in 2 ml fractions. Samples were analyzed by SDS-PAGE. The purest fractions were 
pooled and concentrated by ultrafiltration to around 15 mg/ml. Small volume aliquots 
were prepared and flash frozen by liquid nitrogen then stored at -80°C for further usage. 
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Fig 3-4: The principle of size-exclusion chromatography. The braun and magenta spheres 
represent proteins with different molecular weights or sizes which can be separated by 
travelling through the column. 
 
The proteins studied in the course are listed in table 3-10 
Table 3-10 
Protein expressed in this project 
Protein  Cell line  Vector Source  
His-AmbC BL21 (DE3)     pOPINB this project 
AmbC-His BL21 (DE3)     pET27b Rojas Murcia, 2015 
AmbD-His BL21 (DE3)     pET27b Rojas Murcia, 2015 
His-AmbC 30-350 BL21 (DE3)     pOPINB this project   
His-AmbB BL21 (DE3) pLysS    pET27b Rojas Murcia, 2015 
AmbE-His BL21 (DE3) pLysS    pET27b Rojas Murcia, 2015 
His-AmbE 20-440 Tuner (DE3)     pOPINB this project  
His-AmbE 20-420 Tuner (DE3)     pOPINB this project  
His-AmbE 883-1209 Rosetta (DE3) pLysS pOPINB this project 
 
3.3.6 Preparation of Seleno-L-methionine labeled protein 
Sometimes in order to solve the phase problem of one protein structure, the anomalous 
diffraction dataset needs to be collected. The popular way to obtain this dataset is 
introducing heavy atom to the protein crystal. There are two different ways: one is 
soaking crystals with heavy metal atom solution, the other is purifying seleno-L-
methionine protein and obtaining heavy atom including protein crystals. In this project, 
the latter method was applied. 
There are several standard protocols to obtain seleno-L-methionine proteins, which I 
used is a modified one (Walden, 2010) and below are some details. 
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5× M9 salts stock solution was prepared by adding 64 g Na2HPO4-7H2O, 15 g KH2PO4, 
2.5 g NaCl and 5.0 g NH4Cl to 800 ml MQ H2O. After stirring, the pH was adjusted to 7.2 
with NaOH and the final volume was set 1000 ml. Then the prepared solution was 
sterilized by autoclaving for further using. 
780 ml MQ H2O was autoclaved, then mixed with 200 ml 5× M9 salts stock solution, 20 
ml 20% glucose, 2 ml 1 M MgSO4 and 100 µl 1 M CaCl2 to obtain around 1000 ml M9 
medium. 
Normal culture was prepared by adding cells from the glycerol stock to 50 ml LB 
medium and being cultivated at 37 °C and 130 rpm for overnight. Then 2 ml overnight 
normal culture was transferred to 50 ml M9 medium and incubated at the same 
condition as before to obtain M9 medium pre-culture. 10 ml pre-culture was further 
transferred to 1000 ml fresh M9 medium and incubated as before until the cell density at 
600 nm (OD600) reached 0.5-0.6, at which the amino acids mixture of 100 mg lysine, 
100 mg phenylalanine, 100 mg threonine, 50 mg isoleucine, 50 mg leucine and 50 mg 
valine were supplied and incubated for extra 15 minutes. The temperature was set to 25 
°C and 60 mg seleno-L-methionine and 1 mM IPTG at final concentration were added to 
induce the seleno-L-methionine labeled protein expression overnight. 
In this study, the yield of seleno-L-methionine labeled protein was less than the wild 
type. For purification of this protein, dithiothreitol (DTT) was added into all buffers during 
the whole purification, which also should be finished as fast as possible. 
3.3.7 Protein crystallization conditions screen and optimization  
Proteins are very tiny structures measuring roughly a few nanometers, which is too 
small to be observed even with the strongest light microscope. X-ray diffraction of 
protein crystals, nuclear magnetic resonance (NMR) and cryogenic electron microscopy 
are main three methods to make protein structures visible. The first method was mainly 
applied in this project, which is also universally used to determine proteins structures, 
which is reflected by the fact that around 80% of all protein structures deposited in 
protein data bank (PDB) have been determined by crystallographic methods. 
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High quality protein crystals are needed to determine structures by the X-ray 
crystallization method. Because different proteins have different characters, there is no 
fixed or regular routine for protein crystallization (Rupp, 2009). To obtain crystal of a 
protein, plenty of conditions have to be screened and optimization of initial conditions is 
usually necessary. Normally, crystals will slowly grow up from saturated protein 
solutions, but many factors influence the crystal growth, such as pH, concentration of 
precipitant, salt concentration, protein concentration, temperature, additives etc. A 
phase diagram (Fig 3-5) is shown to explain how crystals grow. 
 
Fig 3-5: When both protein concentration and precipitant concentration are much lower, 
the system is in the undersaturated zone. In contrast, if they are much higher, it goes to 
the precipitation zone. In between, crystals can grow from the supersaturation phase. 
There will be plenty of tiny crystals with lower quality in the nucleation zone, while in the 
metastable zone, bigger and better quality crystals can emerge. The crystal stops 
growing if the equilibrium between unsaturated and saturated protein solution is reached 
(Chernov, 2003).  
Vapor diffusion is the most frequently used method to achieve crystals (Alexander 
McPherson, 1982). The environment where protein molecules stay needs to be 
changed gradually to induce crystals. Two ways are normally applied to screen 
crystallization conditions: hanging drop and sitting drop, both are shown in Fig 3-6. The 
former is commonly used for high-throughput crystallization screening, and the latter 
one is normally applied for manual optimization of crystallization conditions. Both ways 
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need a sealed environment in which a drop of highly concentrated protein in buffer is 
mixed with reservoir solution containing salts or other kinds of precipitants that decrease 
protein solubility, such as polyethylene glycols or 
alcohols. The mixing ratio is commonly 1:1, which 
means the concentration of salts or precipitants in the 
drop is lower than that in reservoir. In order to reach an 
equilibrium between the drop and reservoir, the water 
content in the drop will be reduced by vapor diffusion, 
resulting in gradually higher concentration of the protein 
inside. This process can bring proteins in the drop to 
supersaturated zone where potential crystals may grow. 
As mentioned above, many factors can influence the 
crystallization procedure, which means it is not possible 
to predict the crystallization conditions even for a single 
protein. Fortunately, the most crystallization screens 
nowadays are performed by robots such that thousands 
of conditions can be screened within several hours. An 
automated imaging system is applied to check and track 
the appearance of each drop for more than one month, which can also be extended by 
modifying some parameters.  
In most cases, the quality of crystals obtained with these initial crystallization conditions 
is normally insufficient, making optimization mandatory. The types and concentrations of 
precipitants, ratio of protein and reservoir, pH value, temperature and additive can all be 
varied gradient or random to obtain better diffracting crystals. Different batches of 
proteins can give different crystallization results. Sometimes freshly prepared protein 
can also make a big difference from thawed samples. If there is no crystal shown during 
the initial screens, significant modifications can be applied. Adding respective ligands or 
substrates based on the protein function can stabilize its conformation and reduce its 
flexibility, which will promote possibility of crystallization. Different protein constructs are 
also worth trying. Phyre2 and PSIPRED can provide some clues about stable domains 
Fig 3-6: Two ways to 
prepare the crystallization 
screen. A: hanging drop. 
B: sitting drop.  
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or core area of one protein. With these new protein sequences, crystallization screen 
can be performed from the very beginning. 
3.3.8 Co-crystallization and crystal soaking 
For protein complex structures with small ligands or substrates, co-crystallization and 
crystal soaking are commonly used. Before setting the crystallization screen, the protein 
and its substrate are mixed at a common ration 1:5, while the concentration of substrate 
can be increased or decreased accordingly. Optimization of crystals of complexes is the 
same as for the protein alone. For crystal soaking, the apo protein crystals have to be 
provided and transferred to a substrate-containing solution prepared with same 
reservoir that was used to obtain apo crystals. The soaking time and concentration of 
substrate have to be optimized to achieve good diffraction afterwards. The advantage of 
this method is that no new crystallization conditions have to be established. Soaking 
leads to cracking of crystals, however, since the protein changes its conformation upon 
binding of ligands. 
If the protein is an enzyme that converts a substrate into a product, substrate analogs 
can be used toobtain a complex structure. 
3.3.9 X-ray diffraction data collection and processing 
In this project, all X-ray diffraction datasets were collected from synchrotron radiation 
facilities (ESRF and SLS). Most crystals were tested and screened in-house on a 
rotating anode X-ray generator before sending to the synchrotron. It is highly automatic 
nowadays to collect datasets. The collecting angel (normally 0.1° per image for 360°) 
and expose time and transparency can be adjusted based on the space group and 
quality of crystals. After collecting, the datasets were indexed and integrated by using 
XDS, following with pointless and aimless programs packaged in CCP4. There are 
some mathematical parameters that indicate the quality of datasets, such as 
completeness, redundancy and signal to noise ratio (I/σ). For a dataset of sufficient 
quality for the subsequent steps of structure determination, its completeness should be 
higher than 90%, Rfactor of out shell should be lower than 50% and the signal to noise 
ration should be roughly above 2.  
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3.3.10 The principles of protein X-ray crystallography 
3.3.10.1 Architecture of crystals 
Crystals form by plenty of molecules highly organized in three-dimensional lattice, which 
can be described by crystal structure. The smallest building block which describes the 
entire lattice by translation operations is called unit cell. The geometry of the unit cell 
and symmetry characters of one crystal is described by the concept of space group. In 
three dimensions, there are total 230 space groups classified to 7 crystal systems, 
named triclinic, monoclinic, orthorhombic, tetragonal, trigonal, hexagonal and cubic. 
While as chiral molecules, proteins can only take translation and rotation as symemetric 
operations. Mirroring that would change chirality such as transforming L-amino acids 
into D-amino acids, is impossible. Accunting for this restriction, 65 of 230 space groups 
can be anticipated for protein crystals.  
It is crucial to identify the correct space group of one protein crystal for the 
determination of its structure.  
3.3.10.2 Diffraction of X-ray 
The wavelength (λ) applied by a microscopic technique determines the resolution (d) 
which represents the capacity to resolve two objects as separate images. The refractive 
index (n), calculated by the quotient of velocity of light in vaccum and in a given 
material, also influences the resolution. The relationships are well explained by the 
below equation. 
 = 2 ∙ 	 ∙ sin           
Equation: Resolution (d) is defined by the wavelength (λ) and the refractive index (n) and 
the angle of aperture of the objective (technically limited to a maximum of 90°) 
 
In order to determine the protein structures, some intrinsic challenges have to be 
considered. For instance, the distance between two single atoms is roughly a few 
angstroms (Å), which locates totally different length level contrast to the visible light 
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(around 390 nm – 750 nm). However, X-rays (around 0.1 Å – 100 Å) fall perfectly into 
the proper spectrum for determining these features.  
X-ray crystallography is a technique applied for determining the molecular structure 
within a crystal. When X-ray photons pass the crystal, interacting with the electrons 
surrounding atoms of a molecule will happen. The oscillation of an electron with the 
same frequency as the electrical field of the photon will be induced, resulting in radiation 
emission from the electrons. Since these emissions happen at any random directions of 
the electron for all molecules in the crystal, the emitted waves will perform destructive 
interference resulting in zero diffraction intensity. The constructive interference leading 
to magnified intensity will be observed, if the path difference between these waves is 
equal to an integer multiple of the wavelength (see more details in section 3.3.10.3). 
Through rotating protein crystals in the X-ray beam, other constructive diffractions can 
be obtained from respective directions. All these magnified diffractions can be recorded 
then applied to build one three-dimensional lattice, which is inverse to that of the protein 
crystal, so this virtual lattice is named the reciprocal lattice. 
3.3.10.3 Miller indices and Bragg’s law 
With six lattice parameters taken from the length of the cell edges (a, b, c) and the 
angles between them (α, β, γ), the dimensions of a unit cell can be designated (Fig 3-
7A). The imaginary Miller indices (h, k, l) divide the unit cell into integer parallel planes. 
The index h represents the number of equivalent part which is cutted by this plane in the 
x direction. The other two indices k and l specify that in the y and z directions, 
respectively (Fig 3-7B). 
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Fig 3-7. A: The typical triclinic unit cell, The parameters of edges are shown as a, b, c and 
the angles as α, β, γ. B: An example of reciprocal lattice planes within an unit cell, and its 
Miller indices are (2 3 4). Figure adopted from Crystallography made crystal clear (third 
edition) by Gale Rhodes. 
These parallel and equivalent lattice planes can be taken as mirrors which reflect the 
incident X-rays. Under a certain incident angle θ, If the distance in path length between 
two beams equals an integer multiple of the wavelength λ, the constructive interference 
will be fulfilled, which can be well explained by Bragg’s law (Fig 3-8). 
2 ∙  ∙ sin  = 	 ∙  
Equation: Bragg’s law, explaining X-ray beams under centain angles (θ) perform 
reflections within the crystal. λ is the variable wavelength of X-ray beam, dhkl  is defined 
by the distance between two nearby lattice planes and n means an integer. 
 
Fig 3-8. Graphical illustration of the Bragg’s law. Two X-ray beams are reflected on the 
centain set of planes by the incident angle θ. The distance between two parallel planes is 
dhkl, so the path difference of these two beams is calculated as 2∙dhkl∙sinθ. The 
constructive interference only happen when it equals an integer multiple of wavelength λ. 
3.3.10.4 Ewald construction 
A geometric construction of reciprocal lattice points that fulfill Bragg’s law is called 
Ewald sphere (Ewald, 1969). It is a three-dimensional construction with a radius 1/λ, and 
taking the crystal as the centre. When an incident X-ray beam goes straight through the 
crystal, two points intersecting with the Ewald sphere will be identified. One is the 
enterance point (S0), the other which provide reflection locates in the origin O (0 0 0) of 
the reciprocal lattice. The reflected beams that travel through the intersecting points 
between the reciprocal lattice points and the Ewald sphere will contribute constructive 
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interferences, which can be recorded by the detector behind the crystal (Fig 3-9). As 
few intersecting points can be expected for each specific crystal orientation, rotation of 
the crystal, or its reciprocal lattice is necessary to collect enough diffractions. 
The recorded diffractions coorespond to the reciprocal lattice planes, with which the 
original space coordinates (h k l) can be calculated by indexing. Then the geometry of 
the unit cell and the space group can also be determined.  
 
Fig 3-9. The Ewald construction. An incident X-ray beam goes through the crystal which 
located in the center of Ewald sphere from the entrance point S0. It is reflected by the 
lattice planes, then travels through the intersecting point (0 0 1), resulting a constructive 
interference recorded by the detector. Rotation of crystal will produce different points 
into diffraction conditions. The majority of X-ray beams will go straight through the origin 
point (0 0 0), contributing to a strong and useless diffraction which have to be blocked by 
a beam stopper (blue box).  
3.3.10.5 The crystallographic phase problem 
For each X-ray diffraction patterns, every single atom in the unit cell makes its 
contribution. Every spot in the pattern is represented by one diffraction containing the 
magnitude and relative phase of X-ray scattered by atoms in particular direction (Fig 3-
10). The contribution from all the atoms to this reflection (h, k, l) is called structure factor 
Fhkl (Cowtan, 2003).  
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Equation: fj means the atomic structure factor. 
The sum of structure fators represented by all atoms in one unit cell can be obtained 
through the Fourier transformation of the rediprocal lattice Fhkl. Then the electron density 
for each point ρ(x, y, z) in the unit cell can be calculated with the inverse Fourier 
transformation. 





Equation: v means the volume of the unit cell. 
 
Figure 3-10. Each reflection in the diffraction pattern can be described as a wave with a 
certain magnitude and phase. The magnitude determines the size of the wave (A), and 
the phase determines where the peaks show (B). 
As a wave function, each reflection recorded in the pattern contains two information, the 
phase eiα(hkl) and the amplitude |Fhkl|. The detector behind the crystal will collect and 
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record the amplitude information. However the phase information is lost during the 
diffraction experiments, resulting in the phase problem in X-ray crystallography. 
The phase problem can be solved by either obtaining from a scattering experiment or 
borrowing from an exsiting homologous structure by molecular replacement. In this 
study, molecular replacement and anomalous scattering were applied to determine the 
structures of AmbC/D and unknown domain of AmbE, respectively, so more details 
about the two methods will be illustrated below. 
3.3.10.6 Molecular replacement (MR) 
For proteins, the primary structure determines the tertiary or quaternary structure. If one 
published structure shares the sequence identity with the sample protein higher than 
30%, it can be taken as the phasing model to perform the molecular replacement, 
illustrated in Fig 3-11. If the sequence identity is not high enough, model bias will be 
introduced, resulting in no solution. In the process of molecular replacement, search of 
the model is divided into rotation and translation operations. After a few trials, a correct 
solution will be identified using statistical parameters such as the R factor and 
correlation coefficient. 
F = ∑ ||%6H8| −  |%J44|| ∑ |%6H8|  
Equation: R factor shows the difference of structure factor between the amplitude of the 
measured data |Fobs| and that of the search model |Fcalc| for every point of the 
translation search. 
If the molecular replacement could not yield a correct solution at the beginning, it is 
possible to optimize the MR process. Modification of the model, such as side chain 
mutation can be applied. Besides, the MR pipeline programs Balbes (Long et al., 2008) 
and MrBUMP (Keegan & Winn, 2008) are provided from CCP4 online. 




Fig 3-11. The illustration of molecular replacement. (a) Unknown structure, cat and its 
diffraction pattern (color is grey because the phase in absent). (b) Known structure as 
the searching model, cat without tail and its colorful intact information. (c) Phase (αmodel) 
from the cat without tail combined with the unknown cat intensity (|Fsample|). (d) Fourier 
transform of (c). The tail information can be partially revealed from the intensity (|Fsample|). 
The original figure was adopted from Crystallography made crystal clear (third edition) 
by Gale Rhodes. 
3.3.10.7 Anomalous diffraction 
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If no acceptable solution was obtained from MR, experimental phasing by introduction 
of anomalous scattering atoms in the structure can be accomplished. In this course, 
Seleno-L-methionine labeled protein was purified and according crystals were therefore 
provided to fulfill the anomalous diffraction data collection. Selenium is one of the 
heavier elements which exhibit absorption edges in the range of X-ray wavelengths. 
When certain X-ray beam goes through the selenium atom, an electron locating at a 
distinct shell will be activated to a higher unoccupied shell or kicked away from the 
atom. Absorption edge of Selenium was illustrated in Fig 3-12. Since this beam lost 
partial energy which was absorbed, the reflection cannot contribute to the normal 
scattering. As an anomalous scattering, the phase of which is not opposite in according 
Miller indices, resulting violation of Friedel’s law. 
 
Fig 3-12: Plot of the absorption edge of selenium. When the wavelength stays between 
the peak (f’’) and the inflection (f’), the anomalous difference can be obtained at its 
maximum. The plot was calculated using the subroutine library by Brennan and Cowan 
(S. Brennan, 1992).  
L(MNO) = =(PO) ∙ =(−PO) = 1B & | %
O|*)C*+,(.0102) 
Equation: Patterson function. Without prior phasing information, this function can be 
calculated by the diffraction intensities. 
Base on Patterson function, anomalous differences can be applied to determine the 
positions of heavier atom in the unit cell.  
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3.3.11 Structure refine and graphical presentations 
After solving the phase problem, an electron density map and an initial pdb file can be 
obtained, which can be applied to do refinement and manual adjustment in Coot 
(Emsley & Cowtan, 2004; Emsley et al., 2010). MolProbity (Chen et al., 2010; Davis et 
al., 2007) was always used to validate the final structure. Analysis and graphical 








4. Results and discussion 
4.1 The structures of AmbC and AmbD 
4.1.1 Characterization of AmbC and AmbD 
Both AmbC and AmbD are predicted to be α-ketoglutarate-dependent dioxygenases 
acting as tailoring enzymes that modify the L-glutamate residue during AMB synthesis 
via a thiotemplate mechanism (Rojas Murcia et al., 2015). Details about these two 
proteins can be found on the website http://pseudomonas.com/ (Winsor et al., 2016). 
AmbC and AmbD both localise in the cytoplasm, and their genes overlap. The 
transcription direction is from ambC to ambD, and the last four base pairs of the ambC 
coding sequence, ATGA, contain the start codon (ATG) of ambD. AmbC contains 362 
amino acids. The molecular weight is 40.7 kDa, and the isoelectric point is around 6.8. 
AmbD is composed of 339 amino acids, with a molecular weight of 38.7 kDa. The 
isoelectric point is 6.63. The sequence identity between these two proteins is nearly 
49% (Fig 4-1), suggesting that their structures will share significant similarities. The 
PDB (Berman et al., 2000) was searched for entries similar to AmbC and AmbD and 
two structures of an uncharacterized protein from Arabidopsis thaliana were identified, 
with PDB IDs 1Y0Z (Bitto et al., 2005) and 2Q4A (Levin et al., 2007). The sequences of 
AmbC and AmbD were also submitted to the structure prediction server Phyre2 (Kelley 
et al., 2015), which predicted several oxygenases to be most similar (Table 4-1 and 
Table 4-2). 




Fig 4-1: Sequence alignment between AmbC and AmbD generated by Clustal W (M.A. 
Larkin, 2007).  
Table 4-1 
Top 5 templates used for structure prediction of AmbC 
PDB ID Function annotation Sequence 
identity / % 
Model 
confidence / % 
1Y0Z Clavaminate synthase-like 28 100 
5HSX putative alpha-ketoglutarate-
dependent taurine dioxygenase 
21 100 
5J92 putative alpha-ketoglutarate-
dependent taurine dioxygenase 
21 100 






Top 5 templates used for structure prediction of AmbD 
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PDB ID Function annotation Sequence 
identity / % 
Model 
confidence / % 
1Y0Z Clavaminate synthase-like 29 100 
5HSX putative alpha-ketoglutarate-
dependent taurine dioxygenase 
19 100 
1OTJ Clavaminate synthase-like 16 100 
5J92 putative alpha-ketoglutarate-






4.1.2 Production and purification of AmbC and AmbD 
The genes AmbC and AmbD from Pseudomonas aeruginosa were cloned into the 
vector pOPINB. The proteins were fused to an N-terminal His tag and a PreScission 
protease cutting site. Both proteins were expressed and purified as usual. However, 
AmbD produced with the pOPINB construct was insoluble. The Ni2+-IMAC and final 
size-exclusion chromatography (SEC) purifications of AmbC were identified by SDS-
PAGE (Fig 4-2). The pooled eluate fractions were concentrated to a final concentration 
of 22 mg/ml. Small volume aliquots were prepared and flash frozen and stored at -80 
°C.  
 
Fig 4-2: SDS-PAGE followed by InstantBlue staining for AmbC. (A): Ni2+-IMAC 
purification. MW: Molecular weight marker. WC: whole cell lysate. SUP: supernatant of 
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lysate upon centrifugation. FT: flowthrough. (B): Size-exclusion chromatography (SEC) 
of AmbC. Before: the sample before SEC. Fractions: peak fractions.  
Recombinant full-length ambC and ambD constructs with C-terminal His tag in the 
vector pET27b were obtained from Prof. Cornelia Reimman. The constructs were 
named AmbC-His and AmbD-His, respectively. The same expression and purification 
protocol as for ambC in pOPINB before was applied. SDS-PAGE analysis is shown in 
Fig 4-3. Peak fractions were pooled and concentrated to 12 mg/ml for AmbC-His and 8 
mg/ml for AmbD-His, repectively. Small volume aliquots were prepared and flash frozen 
and stored at -80 °C. 
 
Fig. 4-3: SDS-PAGE followed by InstantBlue staining for purification of AmbC-His and 
AmbD-His. (A): Ni2+-IMAC purification of AmbC-His and AmbD-His, respectively. (B): Size-
exclusion chromatography (SEC) of AmbC-His and AmbD-His, repectively. Annotations 
are the same as Fig 4-2. 
4.1.3 Crystallization of AmbD-His and X-ray diffraction experiments 
Initial crystallization screens were set up for AmbC, AmbC-His and AmbD-His. One hit 
was identified for AmbD-His (JCSG II E7) (Fig. 4-4). The shape and surface of the 
crystals were not perfect. However, reproduction and optimization were unsuccessful 
and no crystals were found even after excessive trials. Therefore three initial crystals 
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were sent to beamline P11 in DESY (Burkhardt, 2016), allowing collection of two 
datasets. 3600 images of 0.1° rotation were collected on a Pilatus 6M detector at a 
wavelength of λ = 1.0332 Å. The better dataset had been analyzed and detailed 
statistics are shown in Table 4-3. 
 
Fig. 4-4: Crystals of AmbD-His obtained in the initial screen (0.1 M imidazole pH 8.0, 0.2 M 
zinc acetate and 40% PEG600). Scale bar is 100 µm.  
Table 4-3: Data collection statistics for AmbD-His generated with aimless program 
(Evans, 2011; Evans PR, 2013). Values in parentheses are for the highest resolution shell. 
Dataset AmbD-His 
Wavelength (Å) / beamline 1.0332 / DESY, P11 
Space group  P212121 
Resolution range (Å) 44.64-2.9 (3.08-2.9) 
Unit cell parameters (°) 
                                 (Å) 
90, 90, 90 
76.62, 86.04, 104.44 
Mosaicity (°)* 0.27 
Rpim 8 (49.3) 
Total number of observations  412152 (68674) 
Total number unique 15896 (2520) 
Mean I / σ (I) 8.7 (1.8) 
Mn (I) half-set correlation CC (1/2) (%) 99.5 (88.7) 
Completeness (%) 100 (100) 
Multiplicity  25.9 (27.3) 
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*Mosaicity value is from XDS (Kabsch, 2010) 
The crystal of AmbD-His diffracted to a resolution of 2.9 Å at P11 beamline in DESY 
and reflections were indexed in space group P212121 with cell dimensions a = 76.62, b = 
86.04, c = 104.44. There were two molecules in one asymmetric unit according to 
Matthews_coef calculation in CCP4 (Kantardjieff & Rupp, 2003; Matthews, 1968). No 
solution could be found by molecular replacement methods with this dataset. Therefore 
in order to obtain initial phases, selono-L-methionine-labelled AmbD-His was purified 
and crystallization screens were set up, but crystallization was not achieved. However, 
the structure of AmbD-His was eventually solved by molecular replacement with AmbC 
30-350 (chapter 4.1.10). 
4.1.4 Construction and purification of AmbC 30-350 
Since full-length AmbC 1-362 could not be crystallized, further analysis of its 
characteristics was performed. Sequence analysis results from PSIPRED and the 
FoldIndex online server (Buchan et al., 2013; Jaime Prilusky, 2005) are shown in Fig 4-
5 and Fig 4-6, respectively. The N-terminal 30 amino acids and C-terminal 10 amino 
acids indicate a high possibility of disorder, which could decrease the tendency to form 
crystals. As a consequence, a truncated version of AmbC (AmbC 30-350) has been 
prepared.   
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Fig 4-5: DISOPRED analysis of AmbC. The blue line represents the likelihood of disorder. 
Amino acids located at the termini are predicted as disordered. The orange line shows 
the confidence of disordered protein binding residue predictions. 
 
Fig 4-6: FoldIndex of AmbC. The missing green signal for the N-terminal 30 amino acids 
and the C-terminal 10 amino acids indicate that these regions are flexible. The red 
unfolded sequences represent predicted flexible loops.  
 
The coding sequence of residues 30-350 of AmbC was PCR amplified by using the 
pET27b ambC plasmid as the template. The PCR product was inserted between the 
KpnI and HindIII restriction sites of pOPINB. The protein AmbC 30-350 was expressed 
and purified following the same routine that was used for the full-length AmbC. The Ni2+-
IMAC and SEC purification results were identified by SDS-PAGE (Fig. 4-7) 
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Fig 4-7: SDS-PAGE followed by InstantBlue staining for purification of AmbC 30-350. (A): 
Ni2+-IMAC purification of AmbC 30-350. (B): Size-exclusion chromatography of AmbC 30-
350. Annotations are the same as Fig 4-2. 
4.1.5 Crystallization of AmbC 30-350 
Two initial hits with similar precipitants were identified for AmbC 30-350 (PEG II Suite 
D8 and PEG II Suite D11). One condition contained 0.1 M HEPES pH 7.5, 0.2 M CaCl2 
and 30% PEG4000, and the other 0.1 M Tris-HCl pH 8.5, 0.2 M MgCl2 and 30% 
PEG4000. Random optimization screens were designed and larger crystals were 
obtained in 0.1 M Tris-HCl pH 8.0, 0.25 M MgCl2 and 30% PEG4000 (Fig 4-8).  
 
Fig. 4-8: Crystals of AmbC 30-350 obtained from optimization condition (0.1 M Tris-HCl 
pH 8.0, 0.25 M MgCl2 and 30% PEG4000). Scale bar is 100 µm.  
Given that the crystallization condition contains 30% PEG4000, there was no need for 
additional cryoprotection. Three crystals were flash frozen in liquid nitrogen and sent to 
beamline ID30B in ESRF (Mueller-Dieckmann, 2015), where three datasets were 
collected. 3600 images of 0.1° rotation were collected on a Pilatus 6M detector at a 
wavelength of λ = 0.976252 Å. Detailed statistics of one of the best dataset are shown 
in Table 4-4. 
Table 4-4: Data collection statistics for AmbC 30-350 calculated by the aimless program 
(Evans, 2011; Evans PR, 2013). Values in parentheses are for the highest resolution shell. 
Dataset AmbC 30-350 
Wavelength (Å) / beamline 0.976252 / ESRF, ID30B 
Space group  P212121 
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Resolution range (Å) 108.99-1.77 (1.87-1.77) 
Unit cell parameters (°) 
                                 (Å) 
90, 90, 90 
70.67, 76.98, 108.99 
Mosaicity (°)* 0.195 
Rpim 4 (43) 
Total number of observations  732764 (106391) 
Total number unique 58479 (8430) 
Mean I / σ (I) 12.2 (2.3) 
Mn (I) half-set correlation CC (1/2) (%) 99.8 (78.5) 
Completeness (%) 99.9 (99.8) 
Multiplicity  12.5 (12.6) 
*Mosaicity value is from XDS (Kabsch, 2010) 
The crystal of AmbC 30-350 diffracted to a resolution of 1.77 Å and reflections were 
indexed in space group P212121 with cell dimensions a = 70.67, b = 76.98, c = 108.99. 
There were two molecules in the asymmetric unit with 40.1% solvent according to 
Matthews_coef calculation in CCP4 (Kantardjieff & Rupp, 2003; Matthews, 1968)  
4.1.6 Structure determination and refinement of AmbC 30-350 
The initial structure of AmbC 30-350 was determined by molecular replacement using 
the structure of a putative Fe (II)/α-ketoglutarate-dependent enzyme (PDB ID: 1Y0Z) 
from Arabidopsis thaliana (Bitto et al., 2005) as the search model. Its sequence identity 
to AmbC 30-350 is around 28% (see also Table 4-1). The Phaser program (Bunkoczi et 
al., 2013; McCoy et al., 2007) found one solution, with which AutoBuild (Terwilliger et 
al., 2008) was used to obtain a better structure. Refinement with phenix.refine (Headd 
et al., 2014; Terwilliger, 2003) and manual adjustments performed in Coot (Emsley & 
Cowtan, 2004) followed to polish the final structure of AmbC 30-350 with Rwork = 0.1847 
and Rfree = 0.2171 with 98.42% of the residues in Ramachandran-favored regions and a 
MolProbity (Chen et al., 2010; Davis et al., 2007) score of 1.10 (Table 4-5) 
Table 4-5: Refinement statistics of AmbC 30-350 generated with Phenix (Diederichs & 
Karplus, 2013). Values in parentheses are for the highest resolution shell. 
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Dataset   AmbC 30-350 
Resolution range (Å) 59.3  - 1.772 (1.835  - 1.772) 
Total reflections 749599 (73838) 
Unique reflections 58394 (5758) 
Reflections used in refinement 58366 (5758) 
Reflections used for R-free 2853 (287) 
Rwork 0.1847 (0.2845) 
Rfree 0.2171 (0.3135) 
Number of non-hydrogen atoms 5034 
  macromolecules 4623 
  ligands 8 
  solvent 403 
Protein residues 576 
RMS(bonds) 0.004 
RMS(angles) 1.04 
Ramachandran favored (%) 98.42 
Ramachandran outliers (%) 0 
Rotamer outliers (%) 0.21 
Clashscore 3.07 
Average B-factor 34.67 
  macromolecules 34.48 
  ligands 35.82 
  solvent 36.86 
Number of TLS groups 7 
MolProbity score* 1.10 
*MolProbity value is from MolProbity (http://molprobity.biochem.duke.edu/) (Chen et al., 
2010; Davis et al., 2007) 
4.1.7 Overall structure of AmbC 30-350 
The final refined model of AmbC 30-350 contains two chains (A & B) in the asymmetric 
unit. Both of them could not be traced. Several amino acids at the N- and C-terminus 
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are missing, and one gap exists in between each chain. For both chains, all the 
residues that could be modeled are shown in table 4-6.  
Table 4-6: Residues of AmbC 30-350 that can be modeled at the resolution of 1.77 Å. For 
clarity, the first residue of the truncated AmbC 30-350 is numbered 1. 
Chains  Start  End  Gaps  
A G8 L315 D69-H90 
B G8 P317 D69-H90 
 
According to size-exclusion chromatography, AmbC 30-350 was expected to be a 
monomer in solution. The presence of two monomers (Fig 4-9A) in the asymmetric unit 
is the consequence of crystal packing. Superposition of the two molecules resulted in an 
almost complete overlap with an r.m.s.d. value of 0.716 Å (Fig 4-9B). Chain B would be 
shown for the following analysis.  
 
Fig 4-9: Overall structure of AmbC 30-350. A: Two chains present in one asymmetric unit. 
Chain A is colored in wheat and chain B in cyan. B: superposition of the two chains. 
4.1.8 Secondary and tertiary structure of AmbC 30-350 
The structure of AmbC 30-350 was submitted to PDBsum (Laskowski et al., 2018), 
which generated the information about secondary structure and topology shown in Fig 
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4-10 and Fig 4-11. The stereo view of overall structure was prepared with PyMOL (Fig 
4-12). Each AmbC 30-350 monomer contains 5 β-sheets (17 strands) and 12 α-helixes. 
As predicted as Fe/α-ketoglutarate-dependent enzymes, the core of AmbC 30-350 
consists of a jelly roll β-sandwich of anti-parallel sheets. Nearby the core area, 
conserved residues His99 and Glu101 located on one β-strand and extended loop 
respectively, and the third conserved residue coordinating metal ion binding was His293, 
which located on its anti-parallel β strand. 
 
Fig 4-10: Primary and corresponding secondary structure of AmbC 30-350. The 12 α-
helixes are shown as blue letters H1-H12, and 5 β-sheets formed by continuous β-strands 
are shown as red letters A-E. β means beta turn, γ means gamma turn, red clip means 
beta hairpin, blue dot means residue contacts to metal or ligand. 




Fig 4-11: Topology of AmbC 30-350. Red columns represent 12 α-helixes, and pink 
arrows represent 17 β-strands classified to 5 β-sheets (A, B, C, D and E). The conserved 
metal binding residues His99, Glu101 and His293 are located near the B β-sheet. 
 
Fig 4-12: Stereo view of an AmbC 30-350 monomer shown as cartoon. The helices are 
colored in cyan, the β-strands in magenta and the loops in salmon. Metal is shown as 
spheres colored in orange, and conserved residues His99, Glu101 and His293 are shown as 
sticks colored by elements (carbon atoms were colored in cyan).  
4.1.9 The active site of AmbC 30-350 
The structure of AmbC 30-350 was submitted to the metal binding site validation server 
CheckMyMetal (CMM) (Zheng et al., 2014; Zheng et al., 2017). CMM applies up to eight 
parameters to evaluate the inherent consistency and geometrical arrangement of each 
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metal-binding site. The threshold values for all parameters are determined by using a 
benchmark data set. The values of parameters are shown and labeled as “outlier”, 
“borderline” or “acceptable” by coloring the table cells as red, amber or green 
respectively.  
At the beginning, the structure was submitted with iron as the element in the metal 
binding site. The iron-nitrogen distances obtained with CMM were quite consistent with 
data from the Cambridge Structural Database (CSD), but the iron-oxygen distances 
were unusual (Fig 4-13). Some results generated in CMM report did not support the 
presence of iron in the structure (Table 4-7). Nickel was then tested by CMM instead of 
iron. The resulting nickel-nitrogen and nickel-oxygen distances were much closer to the 
CSD data than the iron distance (Fig 4-14). CMM report was fully supporting the 
presence of nickel in the structure (Table 4-8). It is therefore more likely that nickel 
rather than iron is the metal present in the structure of AmbC 30-350. It is likely that 
AmbC 30-350 captured nickel during the purification by Ni2+-IMAC. 
 
Fig 4-13: Iron metal-ligand distance distribution in the AmbC 30-350 structure compared 
with CSD (Groom et al., 2016). A: Iron-oxygen (eight in total) distances. B: Iron-nitrogen 
(four in total) distances. The blue curve represents the distance distribution from CSD, a 
database of very high-resolution X-ray crystallography structures of small molecules. 
User means the submitted structure. 
Table 4-7: Selected parameters from the CMM report of AmbC 30-350 with iron 
ID Metal B factor 
(env.) 
Ligands  valence Geometry  gRMSD 
(°) 
Vancancy  
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E: 1 FE 22 (23.6) O4N2 2.5 Octahedral 3.7° 0 
E: 2 FE 22.3 (26.9) O4N2 2.5 Octahedral 4.9° 0 
Ligand: Not applicable Outlier Borderline Acceptable 
 
Fig 4-14: Nickel metal-ligand distance distribution in the AmbC 30-350 structure 
compared with CSD (Groom et al., 2016). A: Nickel-oxygen (eight in total) distances. B: 
Nickel-nitrogen (four in total) distances. The blue curve represents the distance 
distribution from CSD, a database of very high-resolution X-ray crystallography 
structures of small molecules. User means the submitted structure. 
 
Table 4-8: chosen parameters generated from CMM report of AmbC 30-350 with nickel 
ID Metal B factor 
(env.) 
Ligands  valence Geometry  gRMSD 
(°) 
Vancancy  
F: 1 Ni 21.7 (24.1) O4N2 2.2 Octahedral 5.1° 0 
F: 2 Ni 24.6 (26.9) O4N2 2.1 Octahedral 5.1° 0 
Ligand: Not applicable Outlier Borderline Acceptable 
 
Nickel was then added with Coot and refinement was performed with Phenix, finally it 
coordinated perfectly with the residues His99, Glu101 and His293. Because of the absence 
of the co-substrate α-ketoglutarate, the three left coordinating sites of metal were all 
occupied by water molecules. All coordination ligands were arranged in a slightly 
distorted octahedral configuration (Fig 4-15, Fig 4-16 and Fig 4-17). The distances 
between the nickel atom and coordinated atoms are around 2.0 Å.  




Fig 4-15: Stereo view of the active site of AmbC 30-350 and electron density maps. (A): 
Fobs – Fcalc difference electron density map (green mesh) contoured level at 4.0 σ, without 
the metal nickel and three water molecules. (B): The 2Fobs – Fcalc map (grey mesh) 
calculated with metal nickel (black sphere) and three water molecules contoured level at 
2.0 σ. The water molecules are shown as spheres colored in red. Three coordinated 
residues His99, Glu101 and His293 are labeled and colored by elements (carbon atoms are 
colored in yellow). 




Fig 4-16: Stereo view of the active site of AmbC 30-350 built with a nickel ion. The 
distances between the nickel atom and all coordinated ligands are indicated in Å and are 
measured with PyMOL. The three coordinated residues are labeled and colored by 
elements (carbon atoms are colored in yellow) 
 
Fig 4-17: Arrangement of the active site of AmbC 30-350. The central nickel atom is 
coordinated by three residues and three water molecules. The figure was generated from 
PDBsum (Laskowski et al., 2018).  
4.1.10 Structure determination and refinement of AmbD 
Taking the structure of AmbC 30-350 as a model, the structure of AmbD could be 
determined by molecular replacement. Phase-MR in Phenix was used to find a high 
quality solution. AutoBuild was run to obtain a decent model. Refinement with 
phenix.refine (Headd et al., 2014; Terwilliger, 2003) and manual adjustments performed 
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in Coot (Emsley & Cowtan, 2004) were followed to polish the structure of AmbD. This 
resulted in Rwork = 0.2047 and Rfree = 0.2591 with 97.45% of the residues in 
Ramachandran-favored regions and a MolProbity (Chen et al., 2010; Davis et al., 2007) 
score of 1.44 (Table 4-9). 
Table 4-9: Refinement statistics of AmbD generated with Phenix (Diederichs & Karplus, 
2013). Values in parentheses are for the highest resolution shell. 
Dataset   AmbD 
Resolution range (Å) 44.64  - 2.9 (3.004  - 2.9) 
Total reflections 419562 (42910) 
Unique reflections 15855 (1555) 
Reflections used in refinement 15801 (1547) 
Reflections used for R-free 296 (34) 
Rwork 0.2047 (0.3143) 
Rfree 0.2591 (0.3835) 
Number of non-hydrogen atoms 5115 
  macromolecules 5110 
  solvent 5 
Protein residues 633 
RMS(bonds) 0.005 
RMS(angles) 1.09 
Ramachandran favored (%) 97.45 
Ramachandran outliers (%) 0 
Rotamer outliers (%) 0.57 
Clashscore 6.02 
Average B-factor 56.6 
  macromolecules 56.62 
  solvent 41.1 
MolProbity score* 1.44 
*MolProbity value is from MolProbity (http://molprobity.biochem.duke.edu/) (Chen et al., 
2010; Davis et al., 2007) 
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4.1.11 Overall structure of AmbD 
The final refined model of AmbD contains two chains (A & B) in the asymmetric unit. 
With the exception of residues at the N- and C-terminus, chain A could be fully traced, 
whereas a gap of eight residues remained in chain B. Summary information about 
modeled residues in both chains are shown in table 4-10. 
Table 4-10: Residues of AmbD that could be modeled at a resolution of 2.9 Å. 
Chains  Start  End  Gaps  
A D19 H337 - 
B G18 H337 D92- A99 
 
According to size-exclusion chromatography, AmbD was also expected to be a 
monomer in solution. The final structure of AmbD was submitted to PDBePISA 
(http://www.ebi.ac.uk/pdbe/pisa/), which did not suggest any specific interactions that 
could result in the formation of stable quaternary structures (Evgeny Krissinel, 2010; E. 
Krissinel & Henrick, 2007). Therefore, the presence of two monomers (Fig 4-18A) in the 
asymmetric unit was caused by crystal packing, and superposition of these two 
molecules reveals high structural identity (Fig 4-18B). The more complete chain A will 
be shown for the following analysis. 
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Fig 4-18: Overall structure of AmbD. A: two chains present in one asymmetric unit. Chain 
A is colored in lightblue and chain B in marine. B: superposition of the two chains.  
4.1.12 Secondary and tertiary structure of AmbD 
The structure of AmbD was submitted to PDBsum, which generated the information 
about secondary structure and topology shown in Fig 4-19 and Fig 4-20. The stereo 
view of overall structure was prepared with PyMOL (Fig 4-21). Each AmbD monomer 
contains 4 β-sheets (16 strands) and 14 α-helixes. Similar to AmbC 30-350, the core of 
AmbD consists of a jelly roll β-sandwich of anti-parallel strands. Near the core area, 
conserved residues His122 and His316 located on two anti-parallel β-strands respectively, 
and the third conserved residue Glu124 sit on one extended loop.  
 
Fig 4-19: primary and corresponding secondary structure of AmbD. The 14 α-helixes are 
shown as blue letters H1-H14, and 4 β-sheets formed by continuous β-strands are shown 
as red letters A-D. β means beta turn, γ means gamma turn, red clip means beta hairpin. 




Fig 4-20: Topology of AmbD. Red columns represent 14 α-helixes, and pink arrows 
represent 16 β-strands classified to 4 β-sheets (A, B, D and E). The supposed conserved 
metal ion binding residues His122, Glu124 and His316 are located near the B β-sheet. 
 
Fig 4-21: Stereo view of an AmbD monomer shown as cartoon colored in lightblue. 
Conserved residues His122, Glu124 and His316 are shown as sticks colored by elements 
(carbon atoms are colored in yellow).  
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Furthermore, the active site metal was absent in the structure of apo AmbD (Fig 4-22), 
so the coordinated Glu124 was free to be contacted. Residue Arg100 located on the 
corresponding loop interacted with Glu124 to somehow pull the loop towards the active 
site (Fig 4-23). 
 
Fig 4-22: Stereo view of the active site of AmbD with electron density map. A 2Fobs – Fcalc 
map (grey mesh) is calculated and contoured level at 1.5σ. The conserved residues are 
labeled and colored by elements (carbon atoms are colored in yellow). 
 
Fig 4-23: Stereo view of the active site of the structure of apo AmbD. The corresponding 
loop is colored in marine. Three conserved residues are shown as sticks colored by 
elements (carbon atoms are colored in grey). The residue Glu124 interacts with Arg100 
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locating on the loop by hydrogen bonds. Overall structure of apo AmbD is shown in 
cartoon colored in lightblue.  
4.1.13 Comparison between AmbC 30-350 and AmbD 
The secondary structure and topology were a little bit different from that of AmbC 30-
350 (Fig 4-10, 4-11, 4-19 and 4-20). At the N-terminus of AmbD, one extra α-helix and 
β-strand could be built, and the β-strand contributed to the first β-sheet A. The β-sheet 
C consists of two tiny strands located on the protein surface and was unique for AmbC 
30-350, resulting 4 β-sheets in total for AmbD, one less than in AmbC 30-350. This β-
sheet was far away from the centre, and the overall structures were very similar with an 
r.m.s.d. value of 1.943 Å, especially the core anti-parallel β-sheets which are 
responsible for the active site. For structure of AmbC 30-350, the core area was more 
closed than that of AmbD (Fig 4-24). This may be influenced by the binding of the metal. 
 
Fig 4-24: Structure of AmbC 30-350 and its superposition with AmbD. A: Structure of 
AmbC 30-350. Five β-sheets (Fig 4-11) are colored in red, orange, yellow, green and blue 
respectively. The α-helixes and loops are colored in cyan. B: Superposition of AmbC 30-
350 and AmbD. The structure of AmbD is colored in lightblue. The conformations of the 
β-strands colored in red and orange mainly contributing to the active site are highly 
consistent.  
The structure of AmbD was determined at lower resolution of 2.9 Å, and the metal near 
the active site was also missing. The loop above the metal binding site could 
nevertheless be built in chain A (Fig 4-25). As mentioned in the background part, 
 ________________________________________ Results and discussion 
64 
 
flexible loops which are involved in substrate binding and closing the active site during 
reactions are a common feature of Fe2+/α-ketoglutarate-dependent dioxygenases.  
 
Fig 4-25: Stereo view of superposition of AmbC 30-350 and AmbD. The coloring is the 
same as in Fig 4-24. Conserved residues are shown as sticks and colored by elements 
(carbon atoms are colored in magenta). The flexible loop from the structure of AmbD is 
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4.2 Complex structure of AmbC with N-oxalylglycine (NOG)  
4.2.1 The preparation of complex protein and crystallization  
N-oxalylglycine (NOG, Fig 4-26 B), an inhibitor of α-ketoglutarate-dependent enzymes 
(Hausinger, 2004), was reported to bind Tet-like dioxygenase at the active site 
(Hashimoto et al., 2014). A stock solution of NOG at 4 mM concentration was prepared, 
and mixed with 0.6 mM purified AmbC 30-350 at a volume ratio of 1:2, followed by 
incubation on ice for 3 hours for complex formation before setting up crystallization 
screens. 
 
Fig 4-26: Structural formula of α-ketoglutarate (A) and N-oxalylglycine (B). The only 
difference is the β carbon atom in (A) that is replaced by nitrogen in (B).  
The optimization kits prepared for apo AmbC 30-350 were tried first and well-shaped 
crystals emerged after seven days with a precipitant consisting of 0.0833 M HEPES pH 
7.8, 0.172 M MgCl2 and 31.1% PEG3350 (Fig 4-27).  
 
Fig. 4-27 Crystals of AmbC 30-350 in complexwith NOG obtained from optimized 
crystallization condition (0.0833 M HEPES pH 7.8, 0.172 M MgCl2 and 31.1% PEG3350). 
Scale bar is 100 µm.  
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Given that the crystallization condition contains 31.1% PEG3350, there was no need for 
additional cryoprotection. Four crystals were flash frozen in liquid nitrogen and sent to 
beamline X06DA-PXIII in SLS (Waltersperger et al., 2015) where four datasets were 
collected. 3600 images of 0.1° rotation were collected on a Pilatus 2M-F detector at a 
wavelength of λ = 1.00004 Å. Detailed statistics of the best dataset are shown in Table 
4-11. 
Table 4-11: Data collection statistics for AmbC 30-350 in complexwith NOG calculated by 
the aimless program (Evans, 2011; Evans PR, 2013). Values in parentheses are for the 
highest resolution shell. 
Dataset AmbC 30-350 in complexwith NOG 
Wavelength (Å) / beamline 1.00004 / SLS, PXIII 
Space group  I 222 
Resolution range (Å) 38.44 (1.84-1.80) 
Unit cell parameters (°) 
                                 (Å) 
90, 90, 90 
72.38, 76.89, 111.29 
Mosaicity (°)* 0.353 
Rpim 7.3 (39.7) 
Total number of observations  351566 (17684) 
Total number unique 29162 (1699) 
Mean I / σ (I) 8.7 (2.1) 
Mn (I) half-set correlation CC (1/2) (%) 99.1 (64.9) 
Completeness (%) 100 (100) 
Multiplicity  12.1 (10.4) 
*Mosaicity value is from XDS (Kabsch, 2010) 
The crystal of AmbC in complex with NOG diffracted to a resolution of 1.8 Å and 
reflections were indexed in space group I 222 with cell dimensions a = 72.38, b = 76.89, 
c = 112.29. There was one molecule in the asymmetric unit with 43.3% solvent 
according to Matthews_coef calculation in CCP4 (Kantardjieff & Rupp, 2003; Matthews, 
1968).  
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4.2.2 Structure determination and refinement of AmbC 30-350 in 
complex with NOG 
The structure of AmbC 30-350 in complexwith NOG was determined by molecular 
replacement using the structure of AmbC 30-350 as the search model. Refinement with 
phenix.refine (Headd et al., 2014; Terwilliger, 2003) and manual adjustments in Coot 
(Emsley & Cowtan, 2004) followed to polish the final structure of the complex with Rwork 
= 0.1957 and Rfree = 0.2219 with 97.73% of the residues in Ramachandran-favored 
regions and a MolProbity (Chen et al., 2010; Davis et al., 2007) score of 1.20 (Table 4-
12). The ligand NOG was added with Coot. 
Table 4-12: Refinement statistics of AmbC 30-350 in complex with NOG generated with 
Phenix (Diederichs & Karplus, 2013). Values in parentheses are for the highest resolution 
shell. 
Dataset   
AmbC 30-350 in complexwith 
NOG 
Resolution range (Å) 38.44  - 1.8 (1.864-1.8) 
Total reflections 58319 (5744) 
Unique reflections 29161 (2873) 
Reflections used in refinement 29156 (2873) 
Reflections used for R-free 1377 (143) 
Rwork 0.1957 (0.2474) 
Rfree 0.2219 (0.2790) 
Number of non-hydrogen atoms 2709 
  macromolecules 2499 
  Ligands 14 
  Solvent 196 
Protein residues 310 
RMS(bonds) 0.004 
RMS(angles) 1 
Ramachandran favored (%) 97.73 
Ramachandran outliers (%) 0 
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Rotamer outliers (%) 0.39 
Clashscore 3.45 
Average B-factor 19.12 
  macromolecules 19.12 
  Ligands 15.74 
  Solvent 19.37 
MolProbity score* 1.20 
*MolProbity value is from MolProbity (http://molprobity.biochem.duke.edu/) (Chen et al., 
2010; Davis et al., 2007) 
4.2.3 Overall structure of AmbC 30-350 in complex with NOG 
The final refined complex structure contains one molecule in the asymmetric unit. Ten 
amino acids located in N- and C-terminus are missing. All the residues that could be 
modeled are shown in table 4-13, and the overall structure of AmbC 30-350 in complex 
with NOG was shown in Fig 4-28. The active-site nickel (see analysis from 
CheckMyMetal server in appendix Fig 6-1) and the co-substrate analog NOG could also 
be built (Fig 4-29).   
 
Fig 4-28: Stereo view of the complex structure of AmbC 30-350 with NOG shown as 
cartoon colored in yellow.  
Table 4-13: Residues of AmbC 30-350 in complexwith NOG that can be modeled at the 
resolution of 1.8 Å. For clarity, the first residue of the truncated AmbC 30-350 is 
numbered 1. 




Chain  Start  End  Gap  
A R6 L315 - 
 
4.2.4 The active site of AmbC 30-350 in complex with NOG 
The NOG ligand was well defined in the electron density maps (Fig 4-29). It was added 
with coot and refinement was followed with Phenix. The central nickel was coordinated 
by the same three residues, His99, Glu101 and His293, as in the structure of apo AmbC 
30-350.  
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Fig 4-29: Stereo view of the active site of AmbC 30-350 in complexwith NOG and electron 
density maps. (A): Fobs – Fcalc difference electron density map (green mesh) contoured 
level at 4.0 σ, with the metal nickel (black sphere) and one coordinated water molecule. 
(B): The 2Fobs – Fcalc map (grey mesh) calculated with NOG contoured level at 2.0 σ. The 
water molecules are shown as spheres colored in red. Three coordinated residues His99, 
Glu101 and His293 and the ligand NOG are labeled and colored by elements (carbon atoms 
are colored in cyan). 
 
Two coordinated water molecules in the apo structure were replaced by the keto-group 
and the carboxyl oxygen atoms of NOG. The last coordination site occupied by a water 
molecule represents a putative oxygen binding site, which will recruit the oxygen after 
the specific substrate is introduced (Fig 4-30). The ligand NOG has binding interactions 
to the residues Arg77, Thr88, Thr126 and Arg302 which are about 2.4-3.0 Å apart from the 
NOG molecule (Fig 4-30 and Fig 4-31). 
 
Fig 4-30: Stereo view of the active site of AmbC 30-350 in complexwith NOG. The 
distances between nickel atom and all coordinated ligand atoms and that of NOG are 
measured with PyMOL. Besides the three conserved residues (Fig 4-29), the NOG 
coordinating residues Arg77, Thr88, Thr126 and Arg302 are also colored by elements (carbon 
atoms are colored in magenta). 




Fig 4-31: Arrangement of the active site of AmbC 30-350 in complexwith NOG. The central 
nickel atom is coordinated by three conserved residues and the keto-group and an 
carboxyl oxygen of NOG. A water molecule occupied the last coordination site which 
represents a putative oxygen binding site. Except binding with nickel, the ligand NOG 
interacts with other four residues Arg77, Thr88, Thr126 and Arg302 by hydrogen bonds. 
Residues involved in non-ligand hydrophobic interactions are also shown. 
4.2.5 Structural comparisons of NOG-bound AmbC 30-350 with apo one 
4.2.5.1 Superposition with the structure of apo AmbC 30-350 
For the structure of apo AmbC 30-350, two molecules were defined in the asymmetric 
unit. Both of them were not intact, resulting in a gap (around 20 amino acids) in between 
(Table 4-6). Because of high similarity (Fig 4-9), chain B had been chosen to perform 
superposition with the complex structure of AmbC 30-350 with NOG. Overall the 
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architectures are almost the same, and the most significant difference is that the 
missing loop in the structure of apo AmbC 30-350 could be built in the complex 
structure (Fig 4-32A). This loop is located exactly above the active site, suggesting that 
it plays the role of a switch to regulate substrate binding (Fig 4-32B).  
 
Fig 4-32: (A): Superposition between structure of apo AmbC 30-350 and the complex one 
bound NOG. Apo structure is colored in cyan. The complex one is colored in yellow, of 
which the flexible loop that was absent in the structure of apo AmbC 30-350 is colored in 
pink. (B): The active site of complex structure AmbC 30-350 with NOG. Nickel is shown 
as sphere colored in black. The conserved residues His99, Glu101 and His293 are shown as 
sticks colored by elements (carbon atoms are colored in magenta). NOG is shown as 
sticks colored by elements (carbon atoms are colored in cyan). One water molecule 
coordinated with nickel is shown as sphere colored in red.  
4.2.5.3 B-factor analysis 
The B-factor can indicate relative vibrational motion of different parts of structures. It is 
measured in units of Å2. Residues with low B-factor belong to a well organized part of 
one structure, while those with high B-factor generally belong to more flexible regions.  
The better built chain B of the structure of apo AmbC 30-350 showed three distinct α-
helixes with relatively high B-factor up to a maximum of 71 Å2 (Fig 4-33A). Among them, 
helix 2 had the highest B-factor, and together with helix 3, it establishes the largest 
flexible part of the structure of apo AmbC 30-350. Helix 1 has lower B-factors and is 
located further away from the active site. The B-factors of AmbC 30-350 in 
complexstructure with NOG were then analyzed (Fig 4-33B). The corresponding 
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locations of helix 1 and helix 2 showed well organized trends, which suggested that both 
helixes may play a role of regulating substrate binding. The missing loop could be built 
in the complex structure, and it showed the largest B-factor of 56 Å2 in this structure. 
Because of its special location and flexibility, it seems likely that the loop may involve in 
substrate binding and closing off the active site to prevent the release of reactive 
oxygen species (ROS). 
 
Fig 4-33: B-factor distribution in the structure of apo AmbC 30-350 and the complex one. 
Wider ribbon and warmer colors represent higher B-factors. (A): For the apo AmbC 30-
350, three flexible α-helixes near the active site could be identified and labeled 1, 2 and 3. 
(B): For the complex one, the flexible α-helix 1 and 2 belong to the structure of apo AmbC 
30-350 return to organized state. Newly built loop 4 shows the highest B-factor in this 
complex structure. The active site metal is shown as black sphere and conserved 








4.3 Complex structure of AmbD with α-ketoglutarate (α-KG) 
4.3.1 Purification and crystallization of AmbD in complex with α-KG  
The metal ion near the active site could not be defined in the structure of apo AmbD, 
such that it was necessary to incubate the protein with metal before introducing co-
substrate α-ketoglutarate (α-KG) inside. Cobalt and manganese share similar properties 
with the iron, and ion states of them (Co2+ and Mn2+) are more stable than ferrous. 
Cobalt was chosen to replace the iron coordinating in the structure of AmbD in this 
study. 
Protein AmbD was purified as usual. After standard Ni2+-IMAC and SEC purifications, 
around 5 ml AmbD sample at 0.25 mM concentration was obtained, and incubations 
with 120 µl 100 mM Co2+ and 120 µl 100 mM α-KG on ice sequentially followed. Then, a 
second SEC step was used to remove extra metals and α-KG. The result of SDS-PAGE 
for SEC was shown in Fig 4-34. The purest fractions were collected and concentrated to 
17 mg/ml for further crystallization screens.  
 
Fig 4-34: SDS-PAGE followed by InstantBlue staining for protein complex AmbD with 
Co2+ and α-KG.  
Initial crystallization condition screens were set up for this complex. Precipitation was 
observed in most of the drops at first, but after 87 days perfect looking crystals were 
found with a precipitant consisting of 0.123 M HEPES pH 7.8, 0.15 M MgCl2 and 28.3% 
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PEG4000. These crystals emerged from a drop that contained precipitate earlier (Fig 4-
35). 
 
Fig 4-35: Crystals of AmbD incubated with Co2+/α-KG obtained from the optimization 
condition for AmbC 30-350 (0.123 M HEPES pH 7.8, 0.15 M MgCl2 and 28.3% PEG4000). 
Scale bar is 100 µm.  
Three crystals were sent to beamline P11 in DESY (Burkhardt, 2016), and 3600 images 
of 0.1° rotation were collected on a Pilatus 6M detector at a wavelength of λ = 1.0332 Å. 
The best dataset had been analyzed and detailed statistics are shown in Table 4-14. 
Table 4-14: Data collection statistics for AmbD in complex with α-KG generated with 
aimless program (Evans, 2011; Evans PR, 2013). Values in parentheses are for the 
highest resolution shell. 
Dataset AmbD in complex with α-KG 
Wavelength (Å) / beamline 1.0332 / DESY, P11 
Space group  P212121 
Resolution range (Å) 41.82-1.6 (1.63-1.60) 
Unit cell parameters (°) 
                                 (Å) 
90, 90, 90 
49.53, 71.49, 78.03 
Mosaicity (°)* 0.17 
Rpim 2.8 (27.8) 
Total number of observations  480885 (23002) 
Total number unique 36769 (1767) 
Mean I / σ (I) 20.5 (2.8) 
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Mn (I) half-set correlation CC (1/2) (%) 99.9 (71.9) 
Completeness (%) 99.1 (97.0) 
Multiplicity  13.1 (13.0) 
*Mosaicity value is from XDS (Kabsch, 2010) 
The crystal of AmbD in complex with α-KG diffracted to a resolution of 1.6 Å and 
reflections were indexed in space group P212121 with cell dimensions a = 49.53, b = 
71.49, c = 78.03. There was one molecule in the asymmetric unit according to 
Matthews_coef calculation in CCP4 (Kantardjieff & Rupp, 2003; Matthews, 1968).  
4.3.2 Structure determination and refinement of AmbD in complex with 
α-KG 
The structure of AmbD in complex with α-KG was determined by molecular replacement 
using the chain A from the structure of apo AmbD as the search model. The final 
structure was polished as usual with Rwork = 0.1654 and Rfree = 0.1896 and 95.92% of 
the residues in Ramachandran-favored regions and a MolProbity (Chen et al., 2010; 
Davis et al., 2007) score of 1.63 (Table 4-15). The ligand α-KG was added with Coot. 
Table 4-15: Refinement statistics of AmbD in complex with α-KG generated with Phenix 
(Diederichs & Karplus, 2013). Values in parentheses are for the highest resolution shell. 
Dataset   AmbD in complex with α-KG 
Resolution range (Å) 41.82-1.602 (1.66-1.602) 
Total reflections 482476 (47204) 
Unique reflections 36723 (3552) 
Reflections used in refinement 36718 (3552) 
Reflections used for R-free 1702 (151) 
Rwork 0.1654 (0.2458) 
Rfree 0.1896 (0.2707) 
Number of non-hydrogen atoms 2793 
  macromolecules 2594 
  ligands 11 
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  solvent 188 
Protein residues 321 
RMS(bonds) 0.008 
RMS(angles) 1.28 
Ramachandran favored (%) 95.92 
Ramachandran outliers (%) 0 
Rotamer outliers (%) 1.49 
Clashscore 4.33 
Average B-factor 22.37 
  macromolecules 22.12 
  ligands 21.46 
  solvent 25.88 
MolProbity score* 1.63 
*MolProbity value is from MolProbity (http://molprobity.biochem.duke.edu/) (Chen et al., 
2010; Davis et al., 2007) 
4.3.3 Overall structure of AmbD in complex with α-KG 
The final refined complex structure contains one molecule in the asymmetric unit. 24 
amino acids located in N- and C-terminus are missing. All the residues that could be 
modeled are shown in table 4-16. The active-site metal cobalt (see analysis from 
CheckMyMetal server in appendix Fig 6-2) and co-substrate α-KG were built in chain B 
and chain C, respectively (Fig 4-36).   
 
Table 4-16: Residues of AmbD in complex with α-KG that can be modeled at the 
resolution of 1.6 Å. 
Chain  Start  End  Gap  
A D 19 P339 - 
 




Fig 4-36: Stereo view of the complex structure of AmbD with α-KG shown as cartoon 
colored in orange.  
4.3.4 The active site of AmbD bound with α-KG 
The co-substrate α-KG was well defined in the electron density maps (Fig 4-37). It was 
added with coot and refinement followed with Phenix. The central cobalt was 
coordinated by the same three corresponding residues, His122, Glu124 and His316, as in 
the structure of AmbC 30-350. Two coordinated water molecules were replaced by the 
keto-group and the carboxyl oxygen atoms of α-KG. The last coordination site occupied 
by a water molecule represents a putative oxygen binding site, which will recruit the 
oxygen after the specific substrate is introduced (Fig 4-38). According to the α-KG, other 
binding interactions were conducted by residues Arg100, Thr111, Thr149 and Arg325 which 
were about 2.6-3.3 Å apart from the α-KG molecule, and H2O178 here forms hydrogen 
bonds with α-KG and Glu112 respectively, together with an extra Ser110-formed hydrogen 
bond with α-KG, which may strengthen this binding (Fig 4-38 and Fig 4-39). 
 




Fig 4-37: Stereo view of the active site of AmbD in complex with α-KG and electron 
density maps. (A): Fobs – Fcalc difference electron density map (green mesh) contoured 
level at 4.0 σ, with the metal cobalt (black sphere) and one coordinated water molecule. 
(B): The 2Fobs – Fcalc map (grey mesh) calculated with α-KG contoured level at 1.5 σ. The 
water molecules are shown as spheres colored in red. Three coordinated residues His122, 
Glu124 and His316 and the ligand α-KG are labeled and colored by elements (the carbon 
atoms belong to residues are colored in magenta, and α-KG in cyan). 
 




Fig 4-38: Stereo view of the active site of AmbD in complex with α-KG. The distances 
between cobalt atom and all coordinated ligand atoms and that of α-KG were measured 
with PyMOL. Besides the three conserved residues, the α-KG coordinating residues 
Arg100, Thr111, Thr149 and Arg325 were colored by elements (carbon atoms were colored in 
magenta). H2O178 can form hydrogen bonds with α-KG (carbon atoms were colored in 
cyan) and Glu112 (carbon atoms were colored in orange) respectively. 
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Fig 4-39: Arrangement of the active site of AmbD in complex with α-KG. The central 
cobalt atom was coordinated by three reserved residues and the keto-group and 
carboxyl oxygen of α-KG. Except binding with cobalt, ligand α-KG interacted with other 
five residues Arg100, Thr111, Thr149, Arg325 and Ser100 by hydrogen bonds. Residues 
involved in non-ligand hydrophobic interactions are also shown. 
4.3.5 Structural comparisons of α-KG-bound AmbD with apo one 
4.3.5.2 Superposition with the structure of apo AmbD 
For the structure of apo AmbD, the asymmetric unit contained two molecules of which 
the better defined chain A (Table 4-10) was chosen to perform the following 
superposition.  
Structural superposition showed high similarity between apo AmbD and the complex 
with α-KG, except for one α-helix (Fig 4-40). Helix α10 locating in the structure of AmbD 
in complex with α-KG has moved towards the active site obviously in contrast with the 
one in the structure of apo AmbD (Fig 4-41A). This is a strong indication that the active 
site closed upon binding metal, co-substrate or/and specific substrate. 
 
Fig 4-40: Stereo view of superposition between apo AmbD and complex one with α-KG. 
apo AmbD is colored in lightblue and complex one in orange. Helix α10 belongs to the 
complex structure is labeled. Cobalt is shown as sphere colored in orange, and the 
coordinated conserved residues and α-KG are shown as sticks colored by elements 
(carbon atoms are colored in orange). 
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Four residues were observed to conduct the binding between helix α10 and the flexible 
loop which was located above the active site. Ala254 and Arg257 located on α10 helix 
form hydrogen bonds with Ser114 and Asp116 located on a nearby loop, respectively (Fig 
4-41B), which stabilizes the closed state. 
 
Fig 4-41: (A): Zoomed view of the helix α10. This helix from the structure of AmbD in 
complex with α-KG significantly moves towards the active site. Coloring information are 
the same as Fig 4-40. (B): Residues interaction between α10 helix and the flexible loop 
which is located above the active site. Ala254 and Arg257 formed hydrogen bonds with 
Ser114 and Asp116, respectively. Involved residues are shown as sticks colored by 
elements (carbon atoms are colored in cyan).  
4.3.5.3 B-factor analysis 
The better built chain A of the structure of apo AmbD revealed two α-helices (labeled 1 
and 2) and one loop (labeled 3) with relatively high B-factor up to a maximum of 95 Å2 
(Fig 4-42A). B-factor of AmbD complex structure with α-KG was then analyzed (Fig 4-
42B). Accordingly, helix 1 and 2 are much less flexible in the complex, which is very 
similar to the structure of AmbC 30-350 in complex with NOG (Fig 4-33). The only one 
flexible part is the loop which is located above the active site, and it shows the highest 
B-factor of 102 Å2 in this complex structure. 
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Together, these analyses show that binding of the metal ion and of α-KG or the co-
substrate analog NOG lead to a closing of the active site, which is accompanied by 
ordering of helices 1 and 2 in AmbC and AmbD. 
 
Fig 4-42: B-factor distribution in the structure of apo AmbD and the complex one with α-
KG. Wider ribbon and warmer colors represent higher B-factors. (A): Flexible helices 1 
and 2 and loop 3 are identified in the structure of apo AmbD. (B): In comparison to apo-
AmbD, the flexible helix 1 and helix 2 assume a more ordered structure in the complex. 
The loop 3 shows the highest B-factor in this structure. The active site metal is shown as 
sphere colored in black. Conserved residues and co-substrate α-KG are shown as sticks 
(carbon atoms are colored in lightblue). 
4.3.5.4 Surface analysis 
The characteristics of residues near the active site can provide more hints to analyze 
how and why a substrate binds there. The proposed substrate for the two Fe/α-KG-
dependent enzymes AmbC and AmbD is L-Glu, L-Glu-L-Ala or tripeptide L-Ala-L-Glu-L-
Ala, and all modifications should happen on the core L-Glu moiety, which is a 
hydrophilic and negatively charged amino acid.  
The electrostatic potential calculated by APBS plugin in PyMOL (Baker et al., 2001) 
showed several positive and negative patches on the surface of AmbD (Fig 4-43). Near 
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the active cavity, two residues Arg178 and Arg270 contributed a highly positively charged 
area, which may play a key role of recruiting the negatively charged L-Glu moiety.  
 
Fig 4-43: Stereo view of electrostatic potentials mapped on the surface of AmbD in 
complex with α-KG. Red areas indicate negative and blue positive potential. Substrate 
binding cavity and possible catalytic area is marked with a yellow circle, in which two 
residues Arg178 and Arg270 contribute a highly positively charged area. 
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Fig 4-44: Stereo view of electrostatic potentials mapped on the surface of AmbC 30-350 
in complex with NOG. Arg155 contributes the positively charged area near the active 
cavity, which is marked with a yellow circle. 
In AmbC, in contrast, only one positively charged Arg155 residue was found near the 
active site, resulting with less possible attraction to the L-Glu moiety (Fig 4-44). As 
predicted, both AmbC and AmbD performed hydroxylation on L-Glu moiety, which 
would possibly happen on β and γ carbon sites, respectively. While the timing of these 
tailoring hydroxylation reactions is unclear, the difference between numbers of Arginine 
residue may influence the substrate binding specificity and timing of reactions. 
 
Fig 4-45: Stereo view of electrostatic potentials mapped on the surface of AmbD in 
complex with α-KG from the cross section view. Conserved residues and co-substrate α-
KG are shown as sticks colored by elements (carbon atoms are colored in orange). The 
metal cobalt is shown as sphere colored in black. Distance was measured with PyMOL. 
A cross section of the complex structure of AmbD with α-KG was generated to show the 
depth of the cavity. The distance from metal binding site to cavity edge is around 18.7 Å 
(Fig 4-45). As AMB is synthesized under a thiotemplate mechanism, the substrates or 
intermediates will be tethered to a phosphopantetheine arm obtained from Coenzyme A 
(Elovson & Vagelos, 1968) (Fig 4-46). This phosphopantetheine arm was measured 
around 17 Å, together with the length of potential dipeptide L-Ala-L-Glu or tripeptide L-
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Ala-L-Glu-L-Ala, the L-Glu moiety can be well catched by the active site of the complex 
structure of AmbD with α-KG. As for the complex structure of AmbC 30-350 with NOG, 
the depth of its cavity was measured around 18.6 Å (Fig 4-47), which is almost the 
same as in the complex structure of AmbD with α-KG. Based on this structural analysis, 
these two enzymes could therefore perform potential hydroxylations to the substrate or 
intermediate near the active site cavity. 
 
Fig 4-46: 3D structure of coenzyme A. The length of phosphopantetheine arm was 
measured at 17 Å by MolView (T. J. Smith, 1995). 
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Fig 4-47: Stereo view of electrostatic potentials mapped on the surface of AmbC 30-350 
complex with NOG from the cross section view. Conserved residues and co-substrate 
analog NOG are shown as sticks colored by elements (carbon atoms are colored in 
yellow). The metal nickel is shown as sphere colored in black. Distance was measured 
with PyMOL. 
The electrostatic potential surface was set to show as cavities and pockets to check the 
potential reaction channel. One large pocket with a 22.2 Å width was observed near the 
active site (Fig 4-48). Under the same cavity detection conditions, a smaller pocket with 
a 16.6 Å width was found in the complex structure of AmbC 30-350 with NOG (Fig 4-
49). 
Considering the specificity to substrate or intermediate, the size of pocket may influence 
the sequence of tailoring reactions in AMB biosynthesis. As initial substrates for AMB 
synthesis are two L-Ala and one L-Glu, these three building blocks will be condensed 
and modified under the functions of AmbB, AmbE, AmbC and AmbD to produce final 
tripeptide analog L-Ala-AMB-L-Ala, which is then released by the thioesterase domain 
of AmbE. So the hydroxylation of L-Glu moiety performed by AmbC and AmbD may 
happen to L-Glu alone or dipeptide L-Ala-L-Glu or tripeptide L-Ala-L-Glu-L-Ala. Taking 
the size of pocket into account, the hydroxylation performed by AmbD may happen after 
AmbC.  
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Fig 4-48: Stereo view of electrostatic potential surface shown as cavity and pocket 
mapped on the complex structure of AmbD with α-KG. The cavity detection radius and 
cavity detection cutoff were both set at 4 solvent radii. Conserved residues and co-
substrate α-KG are shown as sticks colored by elements (carbon atoms are colored in 
cyan). The metal cobalt is shown as sphere colored in black. Distance was measured 
with PyMOL. 
 
Fig 4-49: Stereo view of electrostatic potential surface shown as cavity and pocket 
mapped on the complex structure of AmbC with NOG. The cavity detection radius and 
cavity detection cutoff were both set at 4 solvent radii. Total four cavities were defined, 
while three smaller ones were disconnected with the substrate binding one. Conserved 
residues and co-substrate NOG are shown as sticks colored by elements (carbon atoms 
are colored in cyan). The metal nickel is shown as sphere colored in black. Distance was 
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4.4 Comparison between AmbC/D and related proteins 
4.4.1 Structural comparison with homologous structures 
The Dali server is a network service for comparing protein structures in 3D (Holm & 
Laakso, 2016; Holm & Rosenstrom, 2010). By comparing with other structures from the 
Protein Data Bank (PDB), clues to reveal how AmbC and AmbD bind with their 
substrates may be obtained. The structure of AmbC 30-350 in complex with NOG was 
submitted to the Dali server. Several hits were reported, and the top 5 hits are shown in 
table 4-17.  
Table 4-17: the top 5 homologous hits to AmbC 30-350 in complexwith NOG obtained 
from DALI server, and all of them are oxygenase. The color codes of the proteins reflect 
the colors applied in the following superposition. 






AmbD - 1.825 - 49 
At3g21360 1Y0Z 2.43 2.1 29 
ScoE 6DCH 5.705 3.7 15 
CarC 4OJ8 5.006 2.8 15 
dioxygenase from 
M. abscessus 
4Y0E 5.371 2.9 18 
PvcB (PA2255) 3EAT 5.345 2.8 26 
 
Except the gene product from Arabidopsos thaliana At3g21360 (PDB: 1Y0Z (Bitto et al., 
2005)), being taken as the search model for molecular replacement, the other four hits 
possess higher r.m.s.d. values to AmbC 30-350 in complex with NOG. They are the 
isonitrile biosynthesis enzyme ScoE from Streptomyces coeruleorubidus (PDB: 6DCH 
(Harris et al., 2018)), the carbapenem synthase CarC from Pectobacterium carotovorum 
(PDB: 4OJ8 (Chang et al., 2014)), the putative dioxygenase from Mycobacterium 
abscessus (released PDB: 4Y0E, to be published) and the dioxygenase PvcB protein 
from Pseudomonas aeruginosa (PDB: 3EAT (Drake & Gulick, 2008)). 
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With low sequence identity and high r.m.s.d. values, the structural superposition 
between AmbC 30-350 in complex with NOG/AmbD in complex with AKG and the top 5 
hits show some varieties (Fig 4-50A). However, the conserved “jelly roll” sheets could 
be observed (Fig 4-50B). 
 
Fig 4-50: Stereo view of the overall structure and jelly roll sheets superposition. A: The 
structures of AmbC 30-350 in complex with NOG and AmbD in complex with AKG were 
both applied to present the superposition. All structures are shown as cartoon. Pink: 
AmbC 30-350 in complex with NOG, Blue: AmbD in complex with AKG, Red: At3g21360, 
Orange: ScoE, Yellow: CarC, Green:  dioxygenase from M. abscessus, Cyan: PvcB. The 
peripheral areas are slightly variable. For orientation, the central metal of AmbC 30-350 in 
complex with NOG is shown as sphere colored black. B: Superposition of the conserved 
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jelly roll sheets. Color information is the same as in A. The metal coordinated residues 
from AmbC 30-350 in complex with NOG are shown as sticks colored pink.  
 
4.4.2 AmbC and AmbD as the α-ketoglutarate-dependent dioxygenases 
AmbC and AmbD are predicted as α-ketoglutarate-dependent dioxygenases. Two 
enzymes of this family of which structures have been deposited in the PDB were 
chosen for comparison with AmbC 30-350 in complex with NOG and AmbD in complex 
with AKG. These two deposited structures contain carboxylic substrates with 
characteristics similar to the L-Glu moiety. One is the carbapenem synthase (CarC) in 
complex with (3S, 5S)-carbapenam (Fig 4-51A, code as 2TQ) (PDB: 4OJ8 (Chang et 
al., 2014)), and the other one is the human gamma-butyrobetaine 2-oxoglutarate 
dioxygenase 1 (BBOX1) in complex with 3-carboxy-N, N, N-trimethyl propan-1-aminium 
(Fig 4-51B, code as NM2) (PDB: 3O2G, to be published). 
 
Fig 4-51: Structural formula of (3S, 5S)-carbapenam (A) and 3-carboxy-N,N,N-trimethyl 
propan-1-aminium (B). Both chemicals contain a carboxyl group, which is similar to the 
L-Glu moiety. 
 
Together with the highest homologous protein At3g21360 (PDB: 1Y0Z (Bitto et al., 
2005)) to AmbC, all five protein sequences were aligned. It seems that conserved 
residues mostly build the β-strands that compose the core jelly roll β-sheets. Three 
conserved metal-coordinating residues (two histidines and one carboxylic acid) and one 
co-substrate (NOG or AKG) coordinated arginine were observed (Fig 4-52). 




Fig 4-52: Protein sequence alignment of AmbC with AmbD, At3g21360 (PDB: 1Y0Z), CarC 
(PDB: 4OJ8) and BBOX1 (PDB: 3O2G). This figure was generated with ESPript (Robert & 
Gouet, 2014) and adjusted manually to optimize the structure-based alignment. 
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Secondary structure elements and turns (TT) of AmbC 30-350 in complex with NOG are 
shown. Identical residues are boxed and colored in red. Majority of conserved residues 
build the β-strands. Metal-coordinating residues (two histidines and one carboxylic acid) 
are marked with a green triangle below the alignment, and one arginine coordinated with 
co-substrate (NOG or AKG) an orange triangle.  
4.4.3 The arrangement of the active site 
The superposition of the active site residues of these four structures (AmbC 30-350 in 
complex with NOG, AmbD in complex with AKG, CarC and BBOX1) showed high 
similarity. The co-substrate AKG in the structure of CarC is replaced with NOG in the 
structure of BBOX1. The highly conserved metal-coordinating residues (two histidines 
and one carboxylic acid) were observed. For the structures of AmbC 30-350 in complex 
with NOG and AmbD in complex with AKG, two arginine and two threonine residues 
were identified to coordinate with respective co-substrate. One extra arginine contacting 
with the C5-carboxylate oxygen of AKG/NOG through a hydrogen bond can be found in 
the structures of CarC and BBOX1, while the latter protein does not provide the arginine 
and threonine that bind the C1-carboxylate and C5-carboxylate oxygens, respectively.  In 
the case of CarC, the less conserved arginine is located a bit further away from the 
central metal, resulting in forming one hydrogen bond with the C1-carboxyl group of 
AKG (Fig 4-53). 
 
Fig 4-53: The stereo view of the active site superposition of AmbC 30-350 in complex with 
NOG (pink), AmbD in complex with NOG (blue), CarC (green) and BBOX1 (brown). The 
metal-coordinating residues show high similarity in all four structures. For co-substrate-
coordinating residues, AmbC 30-350 in complex with NOG and AmbD in complex with 
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AKG also share the similar configuration. One unusual hydrogen bond formed between 
the C5-carboxylate oxygen of AKG/NOG and the extra arginine is typical for CarC and 
BBOX1.  
In the structure of CarC, the specific substrate (3S, 5S)-carbapenam (2TQ) lies above 
the metal site and binds with the residues Tyr164, Arg267 and Gln269. All the coordination 
is conducted through the carboxyl group of 2TQ (Fig 4-54A). Similar to CarC, in the 
structure of BBOX1, the substrate 3-carboxy-N, N, N-trimethyl propan-1-aminium (NM2) 
also locates above the metal site and coordinates to residues Asn191 and Asn292 through 
the hydrogen bonds formed by carboxyl group of NM2 (Fig 4-54B). 
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Fig 4-54: Stereo view of active sites of CarC (green) and BBOX1 (brown). A: In the 
structure of CarC, the substrate 2TQ contacts with residues Tyr164, Arg267 and Gln269. The 
central iron is shown as sphere labeled FE of which the coordinated residues and co-
substrate AKG are labeled. B: The substrate NM2 contacts with Asn191 and Asn292 in the 
case of BBOX1. The central zinc is shown as sphere labeled ZN, and the coordinating 
residues and the ligand NOG are labeled. 
Subsequently, a superposition of AmbC 30-350 in complex with NOG and AmbD in 
complex with AKG was performed. Based on the position of 2TQ and NM2 in the CarC 
and BBOX1 structures, several potential binding residues surrounding them in the 
superposition were identified. In the structure of AmbC 30-350 in complex with NOG, 
the residues Arg73, Arg155, His219 and Gln102 are found nearby the active site. 
Accordingly, all residues (Arg96, Arg178 and His242) can be traced in the structure of 
AmbD in complex with AKG except the Gln102, which is typical for AmbC. Among them, 
Arg155/Arg178 locates on a β-strand, and the Arg73/Arg96 locates on a flexible loop (see 
details in the B-factor analysis). The latter arginine residue stretches further away from 
the active site, while the flexibility of the loop may still make the binding with specific 
substrate possible (Fig 4-55). 
 
Fig 4-55: Stereo view of the superposition of the active sites of AmbC 30-350 in complex 
with NOG (pink) and AmbD in complex with AKG (blue). For orientation, the substrates 
2TQ (green) and NM2 (brown) from CarC and BBOX1, respectively, are shown as lines. 
The potential binding residues to specific substrate Arg73/Arg96, Arg155/Arg178, His219/His242 
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and the typical Gln102 for AmbC are shown. Metal-coordinating residues and ligands are 
also shown, and the overall structures are shown as ribbon. 
 
  




4.5 The structure of uncharacterized domain of AmbE 
4.5.1 Identification and analysis of unknown domain AmbE 20-420 
As mentioned in the introduction, AmbE is a Non-Ribosomal Peptide Synthetase. It is a 
multi-domain protein and contains 2124 amino acids. Its full-length sequence was 
submitted to InterPro (protein sequence analysis and classification) online server to 
analyze different domains and classify them according to their functions (Hunter et al., 
2009). The result is shown in Fig 4-56. There are six domains in total, which are an 
amino acid adenylation domain (A), an S-adenosyl-L-methionine-dependent 
methyltransferase domain (MT), a phosphopantetheine binding ACP domain (T1), a 
condensation domain (C), another phosphopantetheine binding ACP domain (T2) and a 
thioesterase domain (TE), respectively. 
 
Fig 4-56: AmbE sequence analysis and domains classification. Six domains in total could 
be defined and five functional domains were classified.  
Interestingly, no prediction could be made for the first 450 amino acids, which should 
form one domain at least. Sequence analysis results of AmbE1-450 from PSIPRED and 
FoldIndex online server (Buchan et al., 2013; Jaime Prilusky, 2005) are shown in Fig 4-
57 and Fig 4-58, respectively. The first 20 amino acids and the last 25 amino acids 
possess a high possibility of disorder and are therefore likely unfolded, which will 
decrease the tendency to form crystals. Therefore, the truncated sequence AmbE 20-
440 was cloned, overexpressed and purified, but no crystal could be found after plenty 
of trials. Subsequently, another truncated sequence AmbE 20-420 was chosen. This 
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sequence was furthermore submitted to the structure prediction server Phyre2 (Kelley et 
al., 2015) and five top hits focused on synthetase, albeit with low sequence identity, 
were reported (Table 4-18). 
 
Fig 4-57: DISOPRED analysis of AmbE 1-450. The blue line represents the likelihood of 
disorder. Amino acids located at the N terminus were predicted as disordered, because 
the blue line is above the grey dashed line, which indicates a confidence score of 0.5. 
The orange line shows the confidence of disordered protein binding residue predictions. 
This sequence is probably the COM domain, which can selectively interact with other 
NRPS proteins (Hahn & Stachelhaus, 2004). 
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Fig 4-58: FoldIndex of AmbE 1-450. The missing green signal for the N-terminal 20 amino 
acids and the C-terminal 30 amino acids indicates that these regions are flexible. The red 
unfolded sequences represent predicted flexible loops.  
Table 4-18 
Top 5 templates used for structure prediction of AmbE 20-420. 
PDB ID Function annotation Sequence 
identity / % 
Model 
confidence /% 
4ZXI tyrocidine synthetase 3; 13 100 
2VSG Ligase (surfactin synthetase subunit 3) 13 100 
2JGP Ligase (tyrocidine synthetase 3) 15 100 
4ZNM Ligase (c-domain type ii peptide 
synthetase) 
17 100 
4ZXJ enterobactin synthase component f; 16 100 
 
4.5.2 Purification and crystallization of AmbE 20-420 
The coding sequence of residues AmbE 20-420 was PCR amplified by using the 
pET27b ambE plasmid as the template. The PCR product was inserted between the 
KpnI and HindIII restriction sites of pOPINB. The protein AmbE 20-420 was expressed 
and purified as usual. The final size-exclusion chromatography (SEC) purification 
results were identified by SDS-PAGE (Fig 4-59) 
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Fig 4-59: SDS-PAGE followed by InstantBlue staining for protein AmbE 20-420 after SEC 
purification.  
Initial crystallization condition screens were set up for AmbE 20-420. Two hits were 
identified (JCSG III E3 and Morpheus G2), and both conditions yielded high-quality 
crystals (Fig 4-60 and 61).  After in-house testing, seven crystals were sent to beamline 
P11 in DESY (Burkhardt, 2016). 3600 images of 0.1° rotation were collected on a 
Pilatus 6M detector at a wavelength of λ = 1.0332 Å. The best dataset was analyzed 
and detailed statistics are shown in Table 4-19. 
 
Fig 4-60: Crystals of AmbE 20-420 obtained from JCSG III E3 (0.1 M MES pH 6.5, 1.6 M 
ammonium sulfate and 10% 1, 4-dioxane). Scale bar is 100 µm. 
 
Fig 4-61: Crystals of AmbE 20-420 obtained from Morpheus G2 (0.1 M Morphous buffer 1 
pH 6.5, 0.1 M Morpheus carboxylic acid and 30% EDO_P8K). Scale bar is 100 µm. 
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Table 4-19: Data collection statistics for AmbE 20-420 generated with the aimless 
program (Evans, 2011; Evans PR, 2013). Values in parentheses are for the highest 
resolution shell. 
Dataset AmbE 20-420 
Wavelength (Å) / beamline 1.0332 / DESY, P11 
Space group  C1 2 1 
Resolution range (Å) 46.03-2.5 (2.6-2.5) 
Unit cell parameters (°) 
                                 (Å) 
90, 103.02, 90 
93.99, 92.06, 56.26 
Mosaicity (°)* 0.12 
Rpim 3.5 (43.3) 
Total number of observations  111262 (12550) 
Total number unique 16174 (1806) 
Mean I / σ (I) 14.6 (2) 
Mn (I) half-set correlation CC (1/2) (%) 99.9 (82) 
Completeness (%) 99.7 (99.5) 
Multiplicity  6.9 (6.9) 
*Mosaicity value is from XDS (Kabsch, 2010) 
The crystal of AmbE 20-420 diffracted to a resolution of 2.5 Å at P11 beamline in DESY 
and reflections were indexed in space group C121 with cell dimensions a = 93.99, b = 
92.06, c = 56.26. There wes one molecule in the asymmetric unit according to 
Matthews_coef calculation in CCP4 (Kantardjieff & Rupp, 2003; Matthews, 1968). No 
solution could be found by molecular replacement methods with this dataset.  
Selono-L-methionine (SeMet) labeled protein AmbE 20-420 was purified, and initial 
crystallization screens were set up. Suitable crystals were obtained under JCSG IV D10 
and Morpheus E2 (Fig 4-62 and 63). Three crystals were sent to beamline X06DA-PXIII 
in SLS (Waltersperger et al., 2015), and six datasets with three different chi angles were 
collected. 3600 images of 0.1° rotation were collected on a Pilatus 2M-F detector at a 
wavelength of λ = 0.979390 Å. The best dataset was analyzed and detailed statistics 
are shown in Table 4-19. 




Fig 4-62: Crystals of SeMet AmbE 20-420 obtained from JCSG IV D10 (0.085 M HEPES 
pH7.5, 1.7% PEG400, 15% glycerol and 1.7 M ammonium sulfate). Scale bar is 100 µm. 
 
Fig 4-63: Crystals of SeMet AmbE 20-420 obtained from Morpheus E2 (0.1 M Morpheus 
buffer 1, 0.12 M Morpheus ethylene glycols and 30% EDO_P8K). Scale bar is 100 µm. 
Table 4-20: Data collection statistics for SeMet AmbE 20-420 genereated with aimless 
program (Evans, 2011; Evans PR, 2013). Values in parentheses are for the highest 
resolution shell. 
Dataset SeMet AmbE 20-420 
Wavelength (Å) / beamline 0.979390 / SLS, PXIII 
Space group  P31 2 1 
Resolution range (Å) 45.74-2.1 (2.16-2.10) 
Unit cell parameters (°) 90, 90, 120 
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                                 (Å) 90.22, 90.22, 112.83 
Mosaicity (°)* 0.09 
Rpim 2.0 (39.1) 
Total number of observations  1266103 (95459) 
Total number unique 31579 (2559) 
Mean I / σ (I) 28.4 (2.2) 
Mn (I) half-set correlation CC (1/2) (%) 100 (73.1) 
Completeness (%) 100 (100) 
Multiplicity  40.1 (37.3) 
*Mosaicity value is from XDS (Kabsch, 2010) 
The crystal of SeMet AmbE 20-420 diffracted to a resolution of 2.1 Å at the PXIII 
beamline of the SLS and reflections were indexed in space group P3121 with cell 
dimensions a = 90.22, b = 90.22, c = 112.83. There was one molecule in the 
asymmetric unit according to Matthews_coef calculation in CCP4 (Kantardjieff & Rupp, 
2003; Matthews, 1968). 
4.5.3 Structure determination and refinement of SeMet and native AmbE 
20-420 
With the SeMet single-wavelength anomalous dispersion dataset, the AUTOSOL 
(Adams et al., 2010; Terwilliger et al., 2009) program from the PHENIX suite was 
employed to generate experimental phases and to build the initial structure of SeMet 
AmbE 20-420. This model was further applied to solve the structure of native AmbE 20-
420. The phenix.refine program in Phenix (Headd et al., 2014; Terwilliger, 2003) and 
manual adjustments performed in Coot (Emsley & Cowtan, 2004) followed to polish the 
final structure of SeMet AmbE 20-420 with Rwork = 0.1980 and Rfree = 0.2185 and 
97.47% of the residues in Ramachandran-favored regions and a MolProbity (Chen et 
al., 2010; Davis et al., 2007) score of 1.22, as well as the native structure of Amb E20-
420 with Rwork = 0.2396 and Rfree = 0.2690 and 95.58% of the residues in 
Ramachandran-favored regions and a MolProbity score of 1.67 (Table 4-21). 
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Table 4-21: Refinement statistics of SeMet and native AmbE 20-420 generated with 
Phenix (Diederichs & Karplus, 2013). Values in parentheses are for the highest resolution 
shell. 
Dataset   SeMet AmbE 20-420 Native AmbE 20-420 
Resolution range (Å) 45.74-2.1 (2.175-2.1) 39.83-2.5 (2.589-2.5) 
Total reflections 1269299 (116700) 111662 (11115) 
Unique reflections 31543 (3104) 16177 (1595) 
Reflections used in refinement 31540 (3103) 16167 (1596) 
Reflections used for R-free 1484 (152) 765 (83) 
Rwork 0.1980 (0.2961) 0.2396 (0.3603) 
Rfree 0.2185 (0.3017) 0.2690 (0.3633) 
Protein residues 401 391 
RMS (bonds) 0.004 0.004 
RMS (angles) 0.95 0.93 
Ramachandran favored (%) 97.47 95.58 
Ramachandran outliers (%) 0 0.26 
Rotamer outliers (%) 1.03 1.77 
Clashscore 3.1 6.29 
Average B-factor 53.74 76.63 
  macromolecules 53.9 76.58 
  ligands 60.13 88.26 
  solvent 44.78 71.42 
MolProbity score* 1.22 1.67 
*MolProbity value is from MolProbity (http://molprobity.biochem.duke.edu/) (Chen et al., 
2010; Davis et al., 2007) 
4.5.4 Overall structure of AmbE 20-420 
The final refined SeMet AmbE 20-420 structure contains one molecule in the 
asymmetric unit. Around 20 amino acids located in N- and C-terminus are missing, and 
2 gaps exist in between. For the native structure of AmbE 20-420, around 44 amino 
acids are missing. All residues that could be modeled in the two structures are shown in 
table 4-22. The two structures were very similar with an r.m.s.d. value of 1.705 Å (Fig 4-
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64), and since the SeMet model was more complete due to higher resolution, it was 
chosen for further analysis.  
Table 4-22: Residues of SeMet and native AmbE 20-420 structures that can be modeled at 
the resolution 2.1 Å and 2.5 Å respectively. For clarity, the first residue of the truncated 
AmbE 20-420 is numbered 1. 
Chains  Start  End  Gaps  
SeMet_Chain A  S12 P427 P172-A184; D226-G231 
Native_Chain A G13 R418 P172-A184; D226-G231 
 
 
Fig 4-64: Stereo view of a superposition of SeMet (grey) and native AmbE 20-420 (cyan) 
structures.  
4.5.5 Secondary and tertiary structure of AmbE 20-420 
The structure of AmbE 20-420 was submitted to PDBsum 
(https://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html) (Laskowski et 
al., 2018), which generated information about secondary structure and topology shown 
in Fig 4-65 and Fig 4-66. Each AmbE 20-420 monomer contained 3 β-sheets (14 
strands) and 13 α-helixes. 




Fig 4-65: Primary and corresponding secondary structure of AmbE 20-420. The 13 α-
helixes are shown as blue letters H1-H13, and 3 β-sheets formed by continuous β-strands 
are shown as red letters A-C. β means beta turn, γ means gamma turn, red clip means 
beta hairpin, red dot means residue contacts to ligands (polyethylene glycol molecules 
from the crystallization buffer). 




Fig 4-66: Topology of AmbE 20-420. Red columns represented 13 α-helixes, and pink 
arrows represented 14 β-strands classified to 3 β-sheets. 
4.5.6 Structural analysis 
4.5.6.1 B-factor analysis 
The better defined SeMet AmbE 20-420 molecule contained 2 gaps and showed four 
loops with relatively high B-factors up to a maximum of 144 Å2 (Fig 4-67). Among them, 
loop1 and loop2 displayed the highest B-factors. Together, they establish the biggest 
flexible area of AmbE 20-420. Loop3 and loop4 had B-factors around 100 Å2, and the 
latter loop was far away from the other three. The central core area is relatively 
inflexible. 




Fig 4-67: Stereo view on the B-factor distribution in the SeMet structure of AmbE 20-420. 
Wider ribbon and warmer colors represent higher B-factors. Four flexible loops were 
identified and labeled 1, 2, 3 and 4. 
4.5.6.2 Surface analysis 
The electrostatic potential calculated by the APBS plugin in PyMOL (Baker et al., 2001) 
showed several positively and negatively charged patches on the molecular surface of 
AmbE 20-420. Especially for the sequence 192EWANEALAGEDGE204, forming a loop 
connecting two α-helixes, showed a highly negatively charged state (Fig 4-68A).  A 
cross section view was generated from this orientation, revealing a channel that goes 
through the complete molecule (Fig 4-68B). The shape of the channel suggests that it 
may bind phosphopantetheine-linked molecules, similar torelated proteins (see below). 
Afterwards, the electrostatic potential surface was set to show as cavities and pockets. 
In addition to the major channel, several minor cavities located at the surface of the 
structure were identified (Fig 4-69). 
 




Fig 4-68: Electrostatic potentials mapped on the surface of AmbE 20-420. Red and blue 
areas indicate negative and positive potentials. A: One highly negatively charged area 
can be seen. B: One go-through tunnel is observed in the cross section view. 
 
Fig 4-69: Stereo view of electrostatic potential surface shown as cavity and pocket 
mapped on the structure of AmbE 20-420. The cavity detection radius and cavity 
detection cutoff were set at 4 solvent radii and 3 solvent radii, respectively. The go-
through tunnel was obviously defined and several highly charged cavities were also 
identified on the surface of the structure. 




4.5.7 Function exploration 
The Dali server is a network service for comparing protein structures in 3D (Holm & 
Laakso, 2016; Holm & Rosenstrom, 2010). By comparing with other structures from the 
Protein Data Bank (PDB), clues to reveal the function of uncharacterized proteins may 
be obtained. PDBeFold is another server to perform 3D alignment and predict the 
function of uncharacterized proteins (Henrick, 2005). 
The structure of AmbE 20-420 was submitted to the Dali server and to PDBeFold 
respectively. The same top 5 hits were reported and shown in table 4-23. Three of them 
were condensation domains necessary for synthesizing peptides through a thiotemplate 
mechanism conducted by Non-Ribosomal Peptide synthetases (NRPSs). The other two 
were heterocyclization domains that introduce a ring into the final product. All these five 
hits shared very low sequence identity with AmbE 20-420, providing an explanation why 
molecular replacement with the native diffraction data was not successful. Superposition 
of AmbE 20-420 with the top hit CDA Peptide Synthetase I (PDB: 5DU9) (Bloudoff et al., 
2016) was performed, and the overall structures were similar with an r.m.s.d. value of 
5.482 Å (Fig 4-70). 
Table 4-23 
Top 5 hits from structural alignment (DALI and PDBeFold) 
PDB ID Function annotation Sequence 
identity / % 
r.m.s.d. / Å 
5DU9 CDA Peptide Synthetase I 16 3.9 
4JN3 CDA Peptide Synthetase I 16 4.0 
5T3E Synthetase Heterocyclization 
Domain 
14 3.8 
4HVM tallysomycin biosynthesis protein 18 3.7 
5T81 cyclization-docking bidomain 16 3.7 
 




Fig 4-70: Stereo view of superposition between AmbE 20-420 and one condensation 
domain (PDB: 5DU9). AmbE 20-420 was colored in grey. 5DU9 was colored in cyan. 
It has been reported that condensation domains contain a highly conserved HHXXXDG 
sequence motif, with the Asp and second His essential for activity (Bloudoff et al., 2013; 
Keating et al., 2002; Samel et al., 2007), and its mutation abolishes the condensation 
reaction (Bergendahl et al., 2002; Stachelhaus et al., 1998). 
Taking the sequence of 5DU9 as query template to run BLAST (Altschul et al., 1990; 
Mount, 2007), another condensation domain (PDB: 1L5A) sequences was obtained 
(Keating et al., 2002). Together with condensation domains of AmbB and AmbE, further 
alignment was performed and the conserved sequence motif HHXXXDG was observed 
(Fig 4-71). For the condensation domain of AmbB, the motif is changed slightly to 
HHXXXDD, which was reported earlier in another condensation domain MalF (Biggins 
et al., 2012). A superposition of all available condensation structures is shown as well. 
As the most important residue, the second Histidine in this conserved HHXXXDG motif 
has been highlighted in Fig 4-72.  
However, the conserved motif is absent in the sequence of AmbE 20-420, indicating 
that the uncharacterized sequence of AmbE cannot be a condensation domain. further, 
there are already two condensation domains within AmbB and AmbE respectively, 
which is enough to synthesize a tripeptide L-Ala-L-Glu-L-Ala, further corroborating that 
the N-terminal domain of AmbE must have a different function. 




Fig 4-71: Protein sequence alignment of different condensation domains and the 
uncharacterized domain of AmbE. 5DU9 and 1L5A are deposited structures in the PDB 
(Bloudoff et al., 2016; Keating et al., 2002). The sequences of condensation (C) domain of 
AmbB and AmbE were identified and selected based on the prediction result of InterPro 
online server (Hunter et al., 2009). This figure was generated with ESPript (Robert & 
Gouet, 2014) and adjusted manually to optimize the structure-based alignment. 
Secondary structure elements and turns (TT) of 5DU9 are shown. Identical residues are 
boxed and colored in red, and the conserved motif sequence HHXXXDG that is absent in 
AmbE 20-420 is circled by a dashed purple frame, While the motif is changed slightly to 
HHXXXDD in the condensation domain of AmbB.  




Fig 4-72: Superposition of four different condensation domains. A: Four condensation 
domain structures were 5DU9, 1L5A, 2JGP and 4JN3 colored in cyan, yellow, salmon and 
slate respectively (Bloudoff et al., 2016; Bloudoff et al., 2013; Keating et al., 2002). B: The 
second Histidine in motif sequence HHXXXDG was zoomed in and shown as sticks 
(carbon atoms were colored accordingly with the cartoon).  
In cyclization domains, the HHXXXDG sequence motif is replaced by DXXXXD, and the 
conserved Asp residues are critical for both condensation and heterocyclization 
(Keating et al., 2000). An alignment between cyclization and condensation domains is 
shown in appendix figure 6-3. Again, no DXXXXD motif can be found in the sequence of 
AmbE 20-420. In addition, the final product AMB does not contain a circular group, such 
that the uncharacterized AmbE 20-420 domain cannot be a cyclization domain either. 
In conclusion, the top hits obtained with DALI and PDBeFold do not lead to clear 
hypotheses about the function of AmbE 20-420. In another study, it has been reported 
that a so-called “X-domain”, which was structurally also related to NRPS condensation 
domains, recruited free tailoring enzymes (Haslinger et al., 2015). Mixture proteins of 
AmbE, AmbE 20-420, AmbC and AmbD were prepared and the size-exclusion 
chromatography (SEC) experiment were performed to preliminary check whether the 
uncharacterized domain AmbE 20-420 could recruit the tailoring enzymes AmbC and 
AmbD, but no indications for the complex formation have been found (appendix Fig 6-
4). Therefore, the function of the uncharacterized domain AmbE 20-420 needs more 
exploration. 
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5. Conclusion and outlook 
5.1 Fe/α-ketoglutarate-dependent dioxygenases AmbC and 
AmbD  
In this study, Fe/α-ketoglutarate-dependent dioxygenase AmbC and AmbD from 
Pseudomonas aeruginosa could be expressed heterologously in E. coli and purified in 
large amounts with high purity. The crystal structures of apo AmbC and in complex with 
co-substrate analog NOG were determined, respectively. The flexible loop located 
above the active site was absent in the structure of apo AmbC, while otherwise no 
significant differences were noted between the two structures. AmbC adopts a closed 
state in the complex with NOG, with a channel extending to the metal binding active 
site. The depth of this channel was more or less equal to the length of a 
phosphopantetheine arm, suggesting that oxygenation at the L-Glu moiety occurs in an 
intermediate that is tethered to the thiolation (T) domain by a phosphopantetheine arm 
at the end of the channel.  
The structure of AmbD in complex with co-substrate α-ketoglutarate also represents a 
closed state with a channel similar to that of AmbC/NOG. The structure of apo AmbD 
showed an opened state and did not contain a divalent metal cation in its active site. 
Instead, the conserved and metal-coordinating residue Glu124 interacted with Arg100, 
which normally binds the α-ketoglutarate co-substrate to somehow pull the loop towards 
the active site.  
Furthermore, by comparing the two complex structures, it was found that a bigger tunnel 
near the metal binding active site is present in AmbD than in AmbC. This may indicate 
that oxygenation on L-Glu moiety performed by AmbD occurs after that by AmbC. 
Several potential substrate binding residues could be identified by comparing the 
complex structures with available Fe/α-ketoglutarate-dependent dioxygenases (CarC 
and BBOX1) which contain the specific substrates. 
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5.2 Uncharacterized domain of AmbE 
The optimized fragment AmbE 20-420 was designed to explore the function of this 
uncharacterized domain. Native and SeMet-labelled proteins were purified and 
crystallization screens were performed. The final structure of AmbE 20-420 was 
determined at a resolution of 2.1 Å. The overall architecture analysis by DALI and 
PDBeFold servers suggested a high similarity to NRPS condensation or cyclization 
domains. However, the conserved sequence motifs HHXXXDG or DXXXXD were 
absent in AmbE 20-420 and further, the two other condensation domains within AmbB 
and AmbE are sufficient to synthesize a tripeptide product, such that a third 
condensation domain seems unnecessary. As for cyclization, there is no circular moiety 
in the final product AMB, such that it is unlikely that the domain has this function either.  
5.3 Outlook 
In the course of this thesis work, the structures of dioxygenases AmbC and AmbD as 
apo enzymes and also in complex with the co-substrate or an analog have been 
obtained. The specific substrates are still unknown. From the initial substrates (two L-
Ala and one L-Glu) to the final AMB molecule, many reactions have to occur. It can be 
hypothesized that AmbC and AmbD, as dioxygenases, will hydroxylate the β- and γ- 
positions of the L-Glu moiety selectively. Then, a methyl group from S-adenosyl 
methionine (SAM) will be transferred to the γ-hydroxyl group by the methyltransferase 
domain of AmbE. Dehydrogenation and decarboxylation would follow to synthesize the 
final AMB moiety, but it remains unclear which domains or parts might be responsible 
for these two conversions. At present, it is also not possible to decide whether these 
reactions or some of them occur to L-Glu, L-Ala-L-Glu dipeptide or L-Ala-L-Glu-L-Ala 
tripeptide. A hypothetical synthesis model proposed by our cooperator (Prof. Chris 
Calderone, Carleton College, USA) is shown in Fig 5-1. Just for clarity, it was assumed 
for this model that all modifications happen to the L-Ala-L-Glu dipeptide.  




Fig 5-1: Modified model for AMB synthesis originally proposed by Chris Calderone (data 
are not published).  For clarity, all modifications of the L-Glu moiety are assumed to 
occur to the dipepetide intermediate. AmbC and AmbD perform hydroxylation at the β- 
and γ-positions of L-Glu. The methyltransferase domain of AmbE adds a methyl group to 
the γ-hydroxyl group. Then by the C* domain or/and uncharacterized domain of AmbE, 
the tripeptide Ala-AMB-Ala is synthesized and released by the TE domain of AmbE.  
For the uncharacterized domain of AmbE, it may play the role of a decarboxylase, an 
activity that is missing from the characterized domains of AmbB and AmbE. A truncated 
AmbE without this domain could be constructed to explore its function further.  
Mass spectrometry method has been applied to explore how these proteins and 
functional domains work on different intermediates and the timing points of the tailoring 
reactions. By now, the activation and loading of the initial substrate L-Glu moiety to the 
T1 domain of mutated AmbE (T2 domain mutant) could be observed. For the next step, 
by controlling the presence of AmbC, AmbD, Fe2+/α-ketoglutarate and SAM, useful 
clues about the intermediates and timing points of the reactions can be deduced. With 
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the similar way, the dipeptide L-Ala-L-Glu can be formed under the presence of AmbB 
and AmbE (T2 domain mutant). Also, the tripeptide L-Ala-L-Glu-L-Ala can be generated 
under the function of AmbB and AmbE (TE domain mutant). With all the results, the 
intermediates of different enzymes or functional domains could be deduced, as well as 
the timing points of reactions. 
Then, the substrate binding can be clarified by determining the complex structures of 








6. Appendix  
6.1 Information about 20 amino acids 
Table 6-1: The proteinogenic amino acids 
One letter Three letter Amino acid One letter Three letter Amino acid 
A Ala alanine M Met methionine 
C Cys cysteine N Asn asparagine 
D Asp aspartate P Pro proline 
E Glu glutamate Q Gln glutamine 
F Phe phenylalanine R Arg arginine 
G Gly glycine S Ser serine 
H His histidine T Thr threonine 
I Ile isoleucine V Val valine 
K Lys lysine W Trp tryptophan 
L Leu leucine Y Tyr tyrosine 
 
6.2 DNA-sequences and related translations in this study 
Table 6-2: DNA and protein sequences of AmbC 
AmbC 30-350 is highlighted in grey 
      1 ATGGAACGAACAGCTCCCAGTCTCACCGGTCGCGGCTTCGCCCGGCCGCGCAATCTCAGC 60      
      1  M  E  R  T  A  P  S  L  T  G  R  G  F  A  R  P  R  N  L  S  20      
 
     61 CCGCGCAGCAGCGAGGCGCTGGTGCGGCGCCCGGCGGCGGAGCGCGACGGCCTGCCGCTG 120     
     21  P  R  S  S  E  A  L  V  R  R  P  A  A  E  R  D  G  L  P  L  40      
 
    121 CTGATCGAGGCACAGGCTCCCGGCCTGTCCCTGGCCGACTGGATTCGCGAGCAGGGCCAG 180     
     41  L  I  E  A  Q  A  P  G  L  S  L  A  D  W  I  R  E  Q  G  Q  60      
 
    181 TCCCTGCACGACGACCTGAACCTGGCTGGCGGCCTGTTGCTGAGAGGCTTCGAGGTCGAC 240     
     61  S  L  H  D  D  L  N  L  A  G  G  L  L  L  R  G  F  E  V  D  80      
 
    241 TCGGCGGAGCGCTTCCGCGCAGCCGCCGCTGCCTTCGCCCCGCAACTGCTCGACTACAAG 300     
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     81  S  A  E  R  F  R  A  A  A  A  A  F  A  P  Q  L  L  D  Y  K  100     
 
    301 GAGCGTTCCTCGCCGCGTAGCCAGGTCAGCGGCGAGGTCTACACCTCCACCGAGCATCCG 360     
    101  E  R  S  S  P  R  S  Q  V  S  G  E  V  Y  T  S  T  E  H  P  120     
 
    361 GTGGACCAGCCGATCTTCCTGCATAACGAGCAGTCCTATACCGCCGACTGGCCGCTGTAC 420     
    121  V  D  Q  P  I  F  L  H  N  E  Q  S  Y  T  A  D  W  P  L  Y  140     
 
    421 ATCATGTTCCATTGCCAGGTCGCGCCGCTCGAGGGCGGCGCCACTCCGGTGGCGGCCAAC 480     
    141  I  M  F  H  C  Q  V  A  P  L  E  G  G  A  T  P  V  A  A  N  160     
 
    481 CGGCTGGTGCTCCGCCACCTGCCGGACGAATTGCTGGAACGCTTCGGGCGCCTGGGCATC 540     
    161  R  L  V  L  R  H  L  P  D  E  L  L  E  R  F  G  R  L  G  I  180     
 
    541 CTCTACGTGCGCAACTACCGCGCCGGCCTCGGCCTGTCCTGGCGCGAAGCGTTCCAGACC 600     
    181  L  Y  V  R  N  Y  R  A  G  L  G  L  S  W  R  E  A  F  Q  T  200     
 
    601 GACAGCCGCGCCGAGGTCGAGGCGTTCTGCGCTGAGCACCGGATCGCCCATGCCTGGATC 660     
    201  D  S  R  A  E  V  E  A  F  C  A  E  H  R  I  A  H  A  W  I  220     
 
    661 GGCGACGAGCACCTGCGCACCTGGCAGAGGCGCGCGGCGTTCCAACGCCACCCGTATACC 720     
    221  G  D  E  H  L  R  T  W  Q  R  R  A  A  F  Q  R  H  P  Y  T  240     
 
    721 GGCGAGCGCCTGTGGTTCAACCACGGCATGTTCTTCCATGCCACCAGTCTCGAGCCGGGC 780     
    241  G  E  R  L  W  F  N  H  G  M  F  F  H  A  T  S  L  E  P  G  260     
 
    781 CTGCGCGATGCGCTGCTGCGCAGCGTCGCCGAGGAAGACCTGCCGTACCAGACCTACTAC 840     
    261  L  R  D  A  L  L  R  S  V  A  E  E  D  L  P  Y  Q  T  Y  Y  280     
 
    841 GGCGATGGCAGCCCGATCGAGGCGCAGACCCTGGCGACCATCCGCAGCGCCATAGACCGC 900     
    281  G  D  G  S  P  I  E  A  Q  T  L  A  T  I  R  S  A  I  D  R  300     
 
    901 GAGACGCGGCGCTTCGACTGGCGCGTGGGCGACGTGCTGATCCTCGACAACATGCTCGCC 960     
    301  E  T  R  R  F  D  W  R  V  G  D  V  L  I  L  D  N  M  L  A  320     
 
    961 CAGCACGGCCGCGAGCCGTTCCGCGGGCCGCGACGGATCCTCACCATCATGTCCACGCCG 1020    
    321  Q  H  G  R  E  P  F  R  G  P  R  R  I  L  T  I  M  S  T  P  340     
 
   1021 TATTCCAGCCTGGCGCCCGCCGACGTCCCGCCGACACCTCCGCGCCTGGCGCTCGGAGGT 1080    
    341  Y  S  S  L  A  P  A  D  V  P  P  T  P  P  R  L  A  L  G  G  360     
 
   1081 GCCGCATGA 1089    
    361  A  A  *  363     
 
 
Table 6-3: DNA and protein sequences of AmbD 
 
      1 ATGAGCGCCTCGTTCAGCGCGCCGCGCCTGCGCCCCCGGCAGCTCTCGGCCGGCGACCTG 60      
      1  M  S  A  S  F  S  A  P  R  L  R  P  R  Q  L  S  A  G  D  L  20      
 
     61 GTGGAGGAAAGCCTGCTCGACCCGGCCAACGACTATCTGCGCATCGTCCGCGCGCGCCAG 120     
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     21  V  E  E  S  L  L  D  P  A  N  D  Y  L  R  I  V  R  A  R  Q  40      
 
    121 CCGGGCATGGACCTGCGGCAATGGATCGCCGCCGCCGGCGCAGGGCTGCGCGACAGCCTG 180     
     41  P  G  M  D  L  R  Q  W  I  A  A  A  G  A  G  L  R  D  S  L  60      
 
    181 CTGCGGCATGGCGGCATCCTGTTTCGTGGCTTCGCGGTAGACGGAGCGGAGGGCTTCTCC 240     
     61  L  R  H  G  G  I  L  F  R  G  F  A  V  D  G  A  E  G  F  S  80      
 
    241 CAGGCGGTACAAAGCTTTTCGCCGAACATGCTCGACTACCTGGAGCGCGCGGCGGCACGC 300     
     81  Q  A  V  Q  S  F  S  P  N  M  L  D  Y  L  E  R  A  A  A  R  100     
 
    301 CAGGAAGTGGCGCACCGGGTGTTCACCTCCACCGAGTTCTCGCCGGACGGCTGGATTCCG 360     
    101  Q  E  V  A  H  R  V  F  T  S  T  E  F  S  P  D  G  W  I  P  120     
 
    361 CCGCACCACGAGATGTCCTACTCGCACAACTGGCCGAGCTATATCCACTTCTACTGCCAG 420     
    121  P  H  H  E  M  S  Y  S  H  N  W  P  S  Y  I  H  F  Y  C  Q  140     
 
    421 ACACCGCCCGCCACCCAGGGCCGCACGCCCCTGGCCGACGAGCGCCGGGTCAGCGCTCGG 480     
    141  T  P  P  A  T  Q  G  R  T  P  L  A  D  E  R  R  V  S  A  R  160     
 
    481 ATACCCGAGGCGATCAGGCAGCGCTTCCTCCGCCATGGGGTGTGCTACGTGCGCAACTAC 540     
    161  I  P  E  A  I  R  Q  R  F  L  R  H  G  V  C  Y  V  R  N  Y  180     
 
    541 GGGCCGGAGATCGACCTGACCTGGCAGGAAGGCTTCCAGACCGACAGTCGCGCCGAGGTC 600     
    181  G  P  E  I  D  L  T  W  Q  E  G  F  Q  T  D  S  R  A  E  V  200     
 
    601 GAGGCCTACTGCCGGCAGACCGGTACCCAATGGACCTGGCTCGACGACCAGCGCCTGAAT 660     
    201  E  A  Y  C  R  Q  T  G  T  Q  W  T  W  L  D  D  Q  R  L  N  220     
 
    661 ACCCGCCAGGTACGCCAGGCGATGGTGCGCCACCCGCTCAGCGGCGAGACGCTGTGGTTC 720     
    221  T  R  Q  V  R  Q  A  M  V  R  H  P  L  S  G  E  T  L  W  F  240     
 
    721 AACCACGCGCACATGTTCCATGTCTCCAACATGCCGCCGGCCCTGGCCCGGGCCTTGCTC 780     
    241  N  H  A  H  M  F  H  V  S  N  M  P  P  A  L  A  R  A  L  L  260     
 
    781 GACGAGGTCGGCGAACAGGGCCTGCCGCGCAACGCCTACTACGGCGACGGCAGCCCGATC 840     
    261  D  E  V  G  E  Q  G  L  P  R  N  A  Y  Y  G  D  G  S  P  I  280     
 
    841 GAGGCGGAGGTGCTGGACACCATCCGCGCCGCCTACCGCGAGGAAACCCGCGCGTTCGCC 900     
    281  E  A  E  V  L  D  T  I  R  A  A  Y  R  E  E  T  R  A  F  A  300     
 
    901 TGGGAGCGCGGCGATGTCCTGATGCTCGACAACTTCATCAGCGTCCACGGCCGCGAGCCG 960     
    301  W  E  R  G  D  V  L  M  L  D  N  F  I  S  V  H  G  R  E  P  320     
 
    961 TACACCGGCGAGCGCAAGGTGCTGGTGGCGATGACCGACCTGCATGTCCACCAACCCTGA 1020    
    321  Y  T  G  E  R  K  V  L  V  A  M  T  D  L  H  V  H  Q  P  *  340     
 
Table 6-4: DNA and protein sequences of AmbE 20-420 
 
      1 GAAGGATTCCCGCTGTCTCCCTTGCAGACCCGCGCCTGGCGCCGCCATGCCGAGCGGCCG 60      
      1  E  G  F  P  L  S  P  L  Q  T  R  A  W  R  R  H  A  E  R  P  20      
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     61 GAAAATACGGTTGTCGGCGTGCGCCTGCACGCCCCGGCCGATCCCGTGGCGACGCTGGAG 120     
     21  E  N  T  V  V  G  V  R  L  H  A  P  A  D  P  V  A  T  L  E  40      
 
    121 CGGCTGCGCCGGGCGCTGGACGGCGAGGCGCAACTGCGCGTGGCCTACCGGACGATGCCG 180     
     41  R  L  R  R  A  L  D  G  E  A  Q  L  R  V  A  Y  R  T  M  P  60      
 
    181 GGCATGAGCCTGCCGGTGCAGGTACTGGATGGGCGCGCGGCCGATCTGCTGGTCGAGCGC 240     
     61  G  M  S  L  P  V  Q  V  L  D  G  R  A  A  D  L  L  V  E  R  80      
 
    241 CTGCCGGGAGACGGCGACTGGGCCGGACGCTTCGCGCGCGAAAGCGCGCGTCTCGCCGCT 300     
     81  L  P  G  D  G  D  W  A  G  R  F  A  R  E  S  A  R  L  A  A  100     
 
    301 TCGCCCCTGGGCGGGGAAGGCCAGCCGGTACTGGCGCTCGGCCTGCTGCTGGACGCCGCC 360     
    101  S  P  L  G  G  E  G  Q  P  V  L  A  L  G  L  L  L  D  A  A  120     
 
    361 GGAGAGACGCTCCAGGGGCTGTTGCTGGCGGCGCCGGCGTTCGTCGTCGATGCGGCCAGC 420     
    121  G  E  T  L  Q  G  L  L  L  A  A  P  A  F  V  V  D  A  A  S  140     
 
    421 CTGGTGGCGCTGCTGCGCCGCGGCCTGGGGCCGGCCGGCCAGGCGAGCGCGGACGAGGGA 480     
    141  L  V  A  L  L  R  R  G  L  G  P  A  G  Q  A  S  A  D  E  G  160     
 
    481 GACGAGGCGCTGCTGTTCCAGCATTTCTCCGAGTGGGCCAACGAGGCGCTGGCCGGCGAA 540     
    161  D  E  A  L  L  F  Q  H  F  S  E  W  A  N  E  A  L  A  G  E  180     
 
    541 GACGGCGAAAGCGCCAGCGGTTACTGGCGAGAGCAGGCGGCCGTTGCGGCGGAGAGTCCG 600     
    181  D  G  E  S  A  S  G  Y  W  R  E  Q  A  A  V  A  A  E  S  P  200     
 
    601 CTGGCGCTGGCGGACGACCTGGGCGAAGGCGAGTGGACGGCGCGGCGCCTGCTGCCGCGC 660     
    201  L  A  L  A  D  D  L  G  E  G  E  W  T  A  R  R  L  L  P  R  220     
 
    661 GCGCTGCTCGAACGCCTGGCCGCCAACGGCTTGCCGGAGGCGGCCGCCCTGCTGGCCTGG 720     
    221  A  L  L  E  R  L  A  A  N  G  L  P  E  A  A  A  L  L  A  W  240     
 
    721 ACCCAGGTCGCCGGGCAGTTCCAGGGCGACGAGGGCCTCCCGCTGGAAATGGCGCGACTG 780     
    241  T  Q  V  A  G  Q  F  Q  G  D  E  G  L  P  L  E  M  A  R  L  260     
 
    781 GTCTCGGGGCGCCTGTTCAACGAGTTCGCCGAGCTGGCCGGACCGTTCGCCGGGGTCGCG 840     
    261  V  S  G  R  L  F  N  E  F  A  E  L  A  G  P  F  A  G  V  A  280     
 
    841 CCGCTGTGCCTGGAGAATGTCCGCGCGGGCAGCGTCGGCGAGCGGCTCGACGCCCTCCAG 900     
    281  P  L  C  L  E  N  V  R  A  G  S  V  G  E  R  L  D  A  L  Q  300     
 
    901 GCGGCGATCCTCGCCCAGGAGGAGGCAGCGGCCCTGCGCGATCCCTTTGCCCCCGACTGG 960     
    301  A  A  I  L  A  Q  E  E  A  A  A  L  R  D  P  F  A  P  D  W  320     
 
    961 CCGCTCGCCGAGTTGGGCTTCGCCTGGCTGGCGGGCGAACTGGATGGCGCCGGGGTGGCC 1020    
    321  P  L  A  E  L  G  F  A  W  L  A  G  E  L  D  G  A  G  V  A  340     
 
   1021 GAGCTGGATTGCCGTCAGCCGCCGCTGGGCGGGTTCCTCGAGTTGCAGGTGCTGCCCCAC 1080    
    341  E  L  D  C  R  Q  P  P  L  G  G  F  L  E  L  Q  V  L  P  H  360     
 
   1081 GGCGAAGGCAGGCTGGCCAGCCTGCGGGTCCGTCGCGACCATGACGGAACGCTGGCCGGG 1140    
    361  G  E  G  R  L  A  S  L  R  V  R  R  D  H  D  G  T  L  A  G  380     
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   1141 CGCTTGCTCGACGCCTGGGTCGAATGCCTGGAAAGCATCGCCGCCGACAGGCAACTGCCA 1200    
    381  R  L  L  D  A  W  V  E  C  L  E  S  I  A  A  D  R  Q  L  P  400     
 
   1201 CTG 1203    
    401  L  401     
 
6.3 Primers used in this study 
 
Table 6-5 Primers used in this study 






AmbC 30_F CTGGAAGTTCTGTTTCAGGGTACCCGCCCGGCGGCGGAGCGCGA 
ambC 350_R GGTGTTTAAATGGTCTAGAAAGCTTACGGGACGTCGGCGGGCGCC
A 
ambD 30_F CTGGAAGTTCTGTTTCAGGGTACC AACGACTATCTGCGCATCGTCC 
ambD 334_R GGTGTTTAAATGGTCTAGAAAGCTTACAGGTCGGTCATCGCCACCA 
AmbE 20_F CTGGAAGTTCTGTTTCAGGGTACCGAAGGATTCCCGCTGTCTCCCT
T 
ambE 440_R GGTGTTTAAATGGTCTAGAAAGCTTACTCGCCCTGCCAGGCCT 









6.4 Additional figures 
 
 
Fig 6-1: Nickel metal-ligand distance distribution in the AmbC 30-350 with NOG structure 
compared with CSD. A: Ni-oxygen (four in total) distances. B: Ni-nitrogen (two in total) 
distances. The blue curve represents the distance distribution from CSD, a database of 
very high-resolution X-ray crystallography structures of small molecules. User means the 
submitted structure. 
 
Table 6-6: Chosen parameters generated from CMM report of complex structure of AmbC 
30-350 with NOG 
ID Metal B factor 
(env.) 
Ligands  valence Geometry  gRMSD 
(°) 
Vancancy  
D: 1 NI 12.6 (11.7) O4N2 1.7 Octahedral 5.9° 0 
Ligand: Not applicable Outlier Borderline Acceptable 
 




Fig 6-2: Cobalt metal-ligand distance distribution in the structure of AmbD in complex 
with α-KG compared with CSD. A: Co-oxygen (four in total) distances. B: Co-nitrogen 
(two in total) distances. The blue curve represents the distance distribution from CSD, a 
database of very high-resolution X-ray crystallography structures of small molecules. 
User means the submitted structure. 
 
Table 6-7:  Chosen parameters generated from CMM report of complex structure of 
AmbD with α-KG. 
ID Metal B factor 
(env.) 
Ligands  valence Geometry  gRMSD 
(°) 
Vancancy  
D: 1 CO 14.7 (15.7) O4N2 1.9 Octahedral 5.4° 0 
Ligand: Not applicable Outlier Borderline Acceptable 
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Fig 6-3: Protein sequence alignment of condensation and cyclization domains. 5DU9, 
1L5A, 5T3E and 5T81 are deposited structures on PDB. The former two structures are 
condensation domains and the latter two are cyclization domains. This figure was 
generated with ESPript (Robert & Gouet, 2014) and adjusted manually to optimize 
structure-based alignment. Secondary structure elements and turns (TT) of 5T3E were 
shown. Strictly conserved residues were boxed and colored in red, and the conserved 
motif sequence HHXXXDG in condensation domains was replaced by DXXXXD in 
cyclization domains which was circled by a dashed purple frame. For clarity, some 




Fig 6-4: SDS-PAGE followed by InstantBlue staining for size-exclusion chromatography 
of AmbE, AmbE 20-420, AmbC and AmbD protein mixture. Based on molecular weights 
of different proteins, no protein complex could be identified from all the fractions. 
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